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Soybeans are used as a major source of raw material for animal feeds as well as other 
food products. An increase in nutritional value. of the seed would render them commercially 
more attractive. To develop a desired seed product, it therefore becomes necessary that the 
carbon flow through the metabolic pathways in soybean be clearly understood. 
Metabolic flux analysis (MFA) is an effective tool for quantifying intracellular 
metabolite fluxes in a biological system. This tool can be applied for comparing different 
phenotypes or genotypes and assessing environmental effects and hence can be extended to 
suggest further metabolic modifications. The main purpose of this study was to use MFA to 
assess the temperature effects on central carbon metabolism in developing soybean 
cotyledons. 
Stoichiometric MFA quantifies intracellular fluxes using metabolite balances. As the 
system becomes more complex, the number of measurements required increases. Plant 
systems are complex as a result of compartmentation issues, futile cycling and anaplerotic 
reactions. Our study used a combination of carbon bond labeling experiments and Nuclear 
Magnetic Resonance (NMR) spectroscopy to provide additional constraints for quantification 
of the fluxes. Two dimensional (2D) Heteronuclear Single Quantum Correlation 
Spectroscopy (HSQC) and TOtal Correlation Spectroscopy (TOCSY) analyses were carried 
out on hydrolyzed protein from the soybean embryos. The resultant NMR spectra were used 
for evaluating fluxes with the help of a comprehensive mathematical model. 
The mathematical analysis involved a single compartment model of soybean 
metabolism. The reaction network included the primary reactions in metabolism such as 
glycolysis, pentose phosphate pathway, the tricarboxylic acid (TCA) cycle, anaplerotic 
pathways, glyoxylate shunt and y-aminobutyrate (GABA) shunt. The model used the concept 
of isotopomers to convert the NMR data to metabolic fluxes. The validity of the model was 
verified by comparing the NMR intensities of experimental and simulated data. The 
Xl 
.metabolic flux maps for soybean grown under different temperature treatments have been 
presented and compared. 
In the case of the developing soybean cotyledons, the pentose phosphate to glycolysis 
flux ratio was different for all the temperature treatments, indicating a `flexible' node. 
Similarly analysis of different branchpoints was carried out and the rigidity of the nodes in 
the network was determined. The anaplerotic reactions were higher for the higher 
temperature treatments as compared to lower temperature treatments to provide increased 
amounts of precursor metabolites to compensate for higher amounts of protein produced. The 
difference in the isotopomer distribution of hydrolyzed sugar molecules and starch sample 
indicated the likelihood of compartmentation in the upper part of the reaction network. It was 
concluded that atwo-compartment model needs to be constructed to provide more insight on 
the carbon metabolism in soybean cotyledons. 
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1. INTRODUCTION 
Soybean is used as a major source of edible vegetable oil and high quality protein. 
The developing soybean seed accumulates around 40 %protein and 21 %lipids of biomass 
(dry weight). Soy proteins have a huge market as raw material for animal feed as well as 
other food products. Soy proteins can also be used in industrial non food applications like 
paper coating, textiles and plastics [1, 2J. Thus, an increased production of protein or oil is 
highly desired due to the potential industrial applications. 
The biomass composition of the seed depends on factors such as the genotype, crop 
management and environmental conditions (temperature or water) [3, 4]. To assess such 
effects, a thorough understanding of the metabolism in the system is necessary. Plant 
metabolism is highly complex with compartmentation, branch points, futile cycling and 
anaplerotic reactions. Hence, quantification of fluxes can be used as an important tool to 
resolve these complexities and understand the metabolism in plants. The quantification of the 
intracellular metabolite fluxes in a biological system is termed metabolic flux analysis 
(MFA). MFA quantifies fluxes in a network by writing balances around each metabolite with 
the assumption that the system is in aquasi-steady state. As the system becomes more 
complex, the metabolite balances have to be complemented with extra cellular measurements 
such as substrate consumption, secretion of metabolites, biomass composition and 
intracellular measurements such as labeling information. 
The measurement of metabolites, however, can be difficult. Experiments have to be 
planned taking into consideration the dynamic behavior of the system and measuring the 
metabolites at different time points. The established methods for the use of extracellular 
measurements are the gas chromatography mass spectroscopy (GC-MS) and liquid 
chromatography mass spectroscopy (LC-MS). These techniques efficiently detect sugars, 
alcohol, organic acids and secondary metabolites [5]. In order to elucidate intracellular 
branch point distribution, we can use bond labeling experiments. The system under 
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consideration is fed with a labeled substrate. The distribution of the labeled component 
throughout the network depends on the metabolic activity of the system. The labeling is 
reflected in proteinogenic amino acids and other biomass components and can be detected 
using nuclear magnetic resonance (NMR) spectroscopy [6J. For example, R carbon of alanine 
and the Yl carbon of valine reflect the same carbon atom of their precursor metabolite, 
pyruvate. Thus, any difference in the intensities of these carbons of alanine and valine can 
give important information of partitioning of pyruvate into amino acids. NMR is a non 
destructive technique and hence can also be used to monitor the changes in metabolism of a 
system lYl VIVO. 
Thus, a combination of extracellular and intracellular measurements together with the 
reaction network model can be used for the metabolic flux analysis. Since this network is a 
highly non-linear system, the analysis is complicated and is computationally expensive. 
Programs FOAL and 13C-FLUX are used for metabolic flux analysis of central carbon 
metabolism in Escherichia coli and Corynebacterium glutamicum systems [7, $]. We have 
developed a similar computer program for the metabolic flux analysis in developing soybean 
cotyledons. A single compartment model was constructed, which included the main reactions 
of primary metabolism in soybeans such as glycolysis, pentose phosphate pathway (PPP), 
anaplerotic reactions, TCA cycle, glyoxylate shunt and Y-aminobutyrate (GABA) shunt. Peak 
fine structures from NMR were translated to metabolic flux information using the isotopomer 
theory and a mathematical model described below. The combination of external fluxes from 
the amino acid data and the internal labeling information from the analysis of the NMR 
spectrum were used to solve the system computationally [9]. 
A mathematical model representing a reaction network is system specific and hence 
needs to be tested using experimental data. This model uses two innovative techniques; the 
singular value decomposition method to obtain a feasible set of fluxes as an initial guess and 
the Boolean function mapping method to enumerate the isotopomers for the system. The 
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Boolean function mapping method is efficient and requires minimal input from the user. The 
mathematical model also incorporates all the known reversible reactions in the system, which 
is important as the reversibility could affect the flux values to a large extent especially in the 
case of complex plant systems. 
In the case of certain fluxes, the NMR measurement error can translate to a very high 
confidence interval in the estimation of the flux, leading to identifiability problems [8]. The 
reaction network is represented with a mathematical model supplemented with external 
measurements. The information about different parts of the pathway is obtained from 
1 
measurements pertaining to that particular part of the pathway. For example, flux analysis of 
the reversibilities of the transketolase and transaldolase reactions in the pentose phosphate 
pathway depend primarily on the labeling information obtained from the PEP family of the 
amino acids and His. If the external measurements or the independent NMR information are 
not sufficient to estimate the fluxes or if the error in the measurements is large, then the 
fluxes become `structurally unidentifiable'. This problem can be solved by increasing the 
number of measurements or providing the system with low noise level measurements. 
However, in some cases, the relationship between the NMR measurements and the fluxes are 
very complicated. In such cases, the fluxes become `statistically unidentifiable' and a very 
low noise level can translate into large confidence intervals for the fluxes. Thus, in the case 
of a statistically unidentifiable flux, the model cannot estimate the flux irrespective of 
redundant measurements pertaining to that flux. The independent reactions of the network 
also need to be identified and NMR measurements giving information pertaining to that 
reaction become a mandatory requirement for solving the system. Such issues were studied in 
detail in the course of developing the model for the soybean system. Organic acids effluxes 
and substrate consumption were found to be some of the important parameters for a more 
accurate determination of the metabolic fluxes. 
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The main objective of this study was to assess the effect of varying temperature 
treatments on metabolic fluxes in developing soybean embryos using labeled sucrose as the 
substrate. The soybean cotyledons were cultured in vitro with 10 %uniformly labeled 13C 
sucrose under different temperature treatments. The biomass was extracted and separated into 
oil, protein and starch. This work was carried out at Dr. Westgate's lab in the agronomy 
department at Iowa State University. The proteinogenic amino acids obtained from 
hydrolysis were quantified and used as external inputs for the system. These amino acids 
reflect the 13C labeling patterns of their precursor metabolites directly and provide important 
information on the intracellular fluxes. Branch point identification was achieved by NMR, 
which provides additional constraints and gives information about the flow of carbon label 
through the reaction network. 2D Heteronuclear Single Quantum Correlation Spectroscopy 
(HSQC) and TOtal Correlation Spectroscopy (TOCSY) analyses were carried out on the 
hydrolyzed protein samples. The HSQC analysis detects the distribution of the labeling 
through the reaction network. Also, since we have unlabeled glutamine as a carbon source in 
addition to the labeled sucrose, there is a dilution of ~ 3C in the system. The 2D TOCSY 
analysis provides the enrichment information of each carbon atom of amino acids. The single 
compartmental model was used to develop metabolic flux maps for five temperature 
treatments spanning below optimal and above optimal conditions for protein accumulation. 
The mathematical model and the data presented can be used to optimize growth conditions 
fog obtaining the desired biomass composition. This model, in future also could be extended 
to direct metabolic engineering of soybean lines to partition more carbon into protein or oil. 
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2. LITERATURE REVIEW 
2.1 Quantification of fluxes in plants 
To produce plants with desired chemical properties, it is important to understand 
plant metabolism in detail since genetic manipulations have seldom produced the desired 
results [10]. Many techniques such as gas chromatography-mass spectroscopy [11], liquid 
chromatography-mass spectroscopy (LC-MS) and NMR have been developed to measure 
metabolites, to give information about central carbon metabolism [12]. The metabolite data 
can be used for the quantification of fluxes in the reaction network and are helpful in 
understanding the key points of regulation in the pathways of central metabolism [5]. Once 
the reaction network of a plant system is modeled, genetic manipulations or comparison 
between phenotypes can be studied in detail to yield products with desired properties. Thus, 
quantification of fluxes is an important tool, which needs to be explored more towards 
understanding plant metabolism. 
Although, it is an established technique, NMR has not been used to study plant 
metabolism to a large extent [13]. The amount of information from NMR analysis, however, 
is enormous. For example, (3 carbon of alanine and the y' carbon of valine reflect the same 
carbon atom of pyruvate from which they originate. Thus, any difference in the intensities of 
these carbons of alanine and valine can give important information of partitioning of their 
precursor metabolite pyruvate into corresponding amino acids. Such information is 
particularly useful in the case of plant systems where compartmentation possibility is high 
[12, 13]. Bond labeling experiments have been found suitable for the quantification of fluxes 
in complex eukaryotic systems like plants [ 14]. One of the early applications included the 
quantification of metabolic fluxes in maize root tips. 1D 13C and'H experiments were carried 
out to analyze the enrichment data [15]. Other applications using retrobiosynthetic analysis 
included quantifying biosynthesis of anthraquinones in Rubia tinctorum using a combination 
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of 1D and 2D NMR experiments [16] and amino acid and starch biosynthesis in developing 
maize kernels [17, 18]. An in situ NMR experiment has also been carried out on Catharantus 
roseus to study the changes in the primary metabolism as a function of time [19]. 
2.2 Metabolic flux analysis 
Metabolic flux analysis (MFA) involves the quantification of intracellular steady state 
fluxes in the cell, using metabolite balances and extra cellular metabolite measurements. It is 
an important tool, which helps in comparing phenotypes or genetic variants as well as 
suggesting possible targets for genetic modification [6, 19, 20]. MFA requires that each 
metabolite in the entire reaction network under investigation be represented by atleast one 
reaction. The reactions are listed and a balance around each metabolite is written to create a 
stoichiometric model [21, 22]. Thus in vector notation, 
dX/dt = r - µX 
where, X represents the metabolite under consideration, r, the rate of formation of the 
metabolite and µ is the biomass growth rate. The assumption is apseudo-steady state i.e. the 
concentrations of the intracellular metabolites do not change with time. Hence, we have, 
r-µX=O 
The dilution due to the biomass growth is generally small and the second term can be 
neglected and we have, 
r=GT .v=O 
where, v is the vector containing the fluxes and G is the stoichiometric matrix. The measured 
and calculated fluxes can be partitioned into vm and v~ respectively. Correspondingly, the 
stoichiometric matrix can be partitioned into Gm and G~. Thus, knowing vm and G, we can 
calculate v~, the set of unmeasured intracellular fluxes. If there are J reactions and K 
metabolites then the degrees of freedom F, is given by, 
F=J—K 
If the number of extracellular measurements are same as F it is an exactly determined 
system, if greater than F, an overdetermined system and if less than F, an underdetermined 
system. In the case of an overdetermined system the extra measurements can be used to 
check the validity of the model. To solve an underdetermined system one needs to resort to 
cofactor dependent balances (NADPH/NADH) [22, 23]. However, the NADPH, NADH and 
ATP balances are not closed in reality due to futile cycles and incomplete pathway 
knowledge. Stoichiometric MFA also fails in certain cases of parallel pathways and 
metabolic cycles [24]. Thus, it becomes necessary to provide additional information and also 
elucidate flux distribution at branch points. For larger systems, flux analysis becomes more 
difficult as the number of measurements required increases. 
2.3 Branchpoint Information by Nuclear Magnetic Resonance Spectroscopy 
Flux distributions at branchpoints can be obtained from 13C labeling experiments. 
These experiments involve feeding the biological system 13C labeled substrates such as 
glucose or sucrose. The experiment results in the redistribution of the label throughout the 
network by the substrate being broken down into corresponding metabolites. The extent of 
the enrichment of the metabolites can be measured by NMR [6, 25] or Mass Spectroscopy 
(MS) [11]. NMR and MS also can be used in combination to provide additional information 
[26]. 
NMR is anon-intrusive technique, which can be used to study the changes in the 
metabolic state of a system in vivo. 2D NMR can efficiently and unambiguously be used to 
assign peaks of different metabolites in a single experiment. In organisms and plant systems, 
amino acids are known to reflect their precursor metabolites directly. Thus, NMR can give us 
important information on the central carbon metabolism [ 12, 13]. In an NMR measurement, 
the spin of the 13C nucleus is detected. The variation in the frequency of resonance is called 
the chemical shift and is characteristic for each nucleus. A 1-dimensional (1 D) proton 
S 
spectrum gives the enrichments of all the protonated carbon present in the sample [25J. The 
enrichment information can be used to elucidate the metabolic flow in the pathway. The 
information in a 1 D spectrum is in the form of a number of peaks, which may overlap and 
make the analysis difficult. However, 2-dimensional (2D) NMR is more convenient as the 
peak is dispersed in 2 dimensions and there is less ambiguity in the assignment of each 
nucleus. 
Szyperski [15J developed a biosynthetically directed fractional labeling or bond 
labeling experiment (BLE) [27], in which a mixture of uniformly labeled and unlabeled 
substrate was used for an in vitro culture of Escherichia coli. The breakdown of the labeled 
substrate into subsequent reactions was detected using a 2D ['H, 13C] COSY (COrrelation 
Spectroscopy) experiment. 2D COSY detects the interaction of protons directly attached to 
carbons. Since the detection is restricted to large one bond scalar coupling, only adjacent 
carbon atoms are detected and information about the origin of the carbon atoms of a 
metabolite is obtained. However, isotopic enrichment information is not obtained from 
BLE's as it is uniform for all the carbon atoms of the metabolites [6]. A 2D HSQC 
(Heteronuclear Single Quantum Correlation spectroscopy) analysis also can be carried out to 
detect the 13C-13C scalar couplings [12]. In the HSQC experiment the magnetization is 
transferred from the proton to the carbon and then back to the proton. The HSQC experiment 
proves advantageous even when the coupling between the carbon atoms is small, which helps 
in representing the relative abundances of the isotopomers. These abundances can be 
translated to flux information, which is explained in the next section[26, 28]. 
Other experiments include using selectively labeled substrate to obtain information 
about central metabolism [25]. However, fractional labeling information which is obtained 
from selectively labeled substrates yield only n measurements as opposed to 2" 
measurements from BLE. The fractional labeling information can be used as additional 
constraints for the stoichiometric model. 
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2.4 Isotopomer and Bondomer theory 
2.4.1 Isotopomer model 
For a metabolite with n carbons, there are 2" labeling patterns possible. These isotope 
isomers which indicate different labeling patterns are defined as isotopomers. The 
abundances of the 2° isotopomers depends on the extent of labeled substrate (for example, 
glucose or sucrose), the natural abundance of the unlabeled substrate and the metabolism 
[ 12]. Fora 3 carbon molecule, there are 23 = 8 possible isotopomers. Figure 2.4.1 explains 
different multiplet patterns that can be obtained in a 2D NMR experiment from a 3 carbon 
fragment when the central carbon atom is being observed. These peak patterns can be 
compared to the isotopomer abundances simulated by constructing and solving Isotope 
Mapping Matrices (IMM). IMM uses the concept of isotopomer distribution vectors (IDV) 
and reaction stoichiometry [28]. IMM are analogous to the Atom Mapping Matrices (AMM) 
used to calculate the TCA flux ratios in a hybridoma cell line [29]. The concept of IMM was 
used successfully for metabolic flux analysis of Escherichia coli [30]. Klapa et al. (1999) 
used the concept of IMM by considering only the realizable isotopomers depending on the 
biochemistry. They used selectively labeled substrate in this case as compared to a mixture of 
uniformly labeled and unlabeled substrate in the case of Schmidt et al (1999). 
2.4.2 Bondomer model 
Recently, two groups introduced a new concept of bondomers, which are similar to 
isotopomers, except that the bonds instead of the carbon atoms are being followed [31, 32]. 
~ondomers are molecules of the same metabolite, which have different bond integrities for 
different carbon-carbon bonds (Sriram and Shanks, 2003). The bond integrity of a covalent 
band indicates whether or not the two carbon atoms under consideration arise from the same 
substrate. If they arise from the same substrate the bond integrity is 1, else it is 0. A 
metabolite with n carbons is represented by the following equation and b; indicates the bond 
10 
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AA A A 
C~ 
Figure 2.4.1 Multiplet peak patterns of a 3 carbon metabolite using NMR. When observing 
the central carbon (that is ~ 3C), patterns observed are: (a) singlet when the carbon is attached 
to two 12C atoms (b) doublet when the carbon is attached to one ~ZC and one 13C atom (c) 
another doublet when the carbon is attached to one 13C and one 12C atom (d) double doublet 
when the carbon is attached to two 13C atoms [24J. 
integrity of the ith bond. 




'fhe bondomer number for the bondomers of the molecule is calculated as 
n-1 
~~ 
For example, consider a 3 carbon molecule 1-2-3. If bond integrity of 1-2 is 0 and 2--3 is 1 
then the bond number for the bondomers of the molecule is calculated as 
~~ 
Hence, the combinations possible are tabulated in Table 2.4.1. Thus, for an n carbon 
molecule there are 2"' ~ possible bondomers. Thus, the application of bondomers theory to 
metabolic flux analysis is very clearly computationally less expensive than isotopomers [32]. 
Table 2.4.1 Bondomer abundances possible in a 3 carbon metabolite 
Metabolites 1-2 2-3 Bondomer # 
1-2-3 0 0 M ~ 
1--2-3 1 0 M2 
1-2--3 0 1 M3
1--2--3 1 1 M4
2.5 Mathematical Modeling and applications 
The first step in metabolite flux balancing (MFB) involves writing down all the 
stoichiometric reactions, which form the biochemical network under consideration. Steady 
state balances are written around each metabolite in the network. External measurements (for 
example secreted metabolites, substrate consumption etc) are required, which provide 
constraints to the system. The external measurements can be used as inputs to solve the 
biochemical network. In the case of an underdetermined system, the network can be solved 
by a combination of the external measurements and optimizing the system for a particular 
objective like biomass growth, using a platform like MATLAB [21]. The problem of 
underdetermined systems was solved when NMR and MS data could be used to provide 
additional constraints to the system. The tricarboxylic acid (TCA) cycle flux ratios in a 
hybridoma cell were calculated using a combination of NMR data, atom mapping matrices 
(AMM) and the Gauss-Siedel iterative method [29]. Many of these models, however, 
considered only unidirectional reactions in the pathway, which leads to an error in the flux 
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estimations. The effect of reversibility was later incorporated in a mathematical model by 
considering the reactions in the pentose phosphate pathway [27, 33]. Wiechert et al. (1997b) 
extended this to the primary metabolism reactions in glycolysis, pentose phosphate pathway, 
TCA cycle and anaplerotic reactions in Corynebacterium glutamicum. 
In BLE's, proteinogenic amino acids, which can be obtained from hydrolysis of the 
biomass protein, provide additional constraints to solve the network. These amino acids 
reflect their precursor metabolite directly and hence there is no need to break them down 
further and are well spread across the pathways of primary metabolism thereby providing 
constraints for different parts of the reaction network [6]. BLE also introduced the concept of 
bond connectivity. A bond is said to be intact if the 2 adjacent carbons in a metabolite 
originate from the same molecule. A system of probabilistic equations was proposed, which 
provides insight to the bond connectivity. The probabilistic theory was used in conjunction 
with metabolic flux ratio analysis (METAFoR} to elucidate a metabolic network. A program 
called FCAL (Flux ratios from Correlated Amino acid ~ 3C Labeling patterns) was introduced, 
which calculates flux ratios at different points in the network that was exemplified in a 
halophilic archaeon Haloarcula hispanica [7]. 
Simultaneously, software was developed for metabolic flux analysis with aMonte-
Carlo statistical analysis and exemplified for flux analysis in Aspergillus niger strain [34J. 
Here it was inferred that fluxes were estimated best using an evolutionary algorithm for error 
minimization. The Monte-Carlo procedure was used to identify the statistical quality of the 
estimated fluxes. A mathematical model was also developed, which included only the 
physically realizable isotopomers and was solved in anon-iterative manner for systems of 
Escherichia coli, Pseudomonas AM 1 and mammals [26, 35]. However, the physically 
realizable isotopomer method applies only to specific systems and specific kind of labeling 
experiments. 13C-FLUX, a universal software framework was developed for metabolic flux 
analysis [8]. A comprehensive explanation about the experimental design and working of the 
I3 
model is exemplified on a Corynebacterium glutamicum system for the determination of the 
anaplerotic fluxes [8]. The concept of cumomers (cumulative isotopomers) was introduced to 
analytically solve isotopomer balances [36, 37]. The concept of cumomers was extended to 
bondomers, which led to the introduction of cumulative bondomers and also allowed an 
analytical solution of the bondomers balances. The method was shown to be computationally 
more efficient as compared to cumulative isotopomers [32]. The concept of bondomers and 
cumulative bondomers has been demonstrated to be efficient and numerical innovations have 
been reported for metabolic flux analysis [9]. A computer program also has been developed 
to apply the concept of cumomers for a two substrate model for soybean cotyledons [38]. 
Other applications in the field of flux analysis included monitoring metabolic flux in lysine 
synthesis in Corynebacterium glutamicum using 1 D NMR [39], flux analysis in Bacillus 
subtilis grown on two carbon substrate mixtures [40, 41] and flux response to pyruvate 
knockout in Escherichia coli [42]. 
2.6 Temperature stress in soybean 
In our present study, the system under consideration is the developing soybean 
cotyledon. Soybean is a very good source of edible oil and protein, which have many 
industrial applications [1, 2]. The mass and composition of soybean seeds change with 
varying reproductive growth stages [43]. The reproductive growth stage R5, R6 and R7 
characterize beginning seed, full seed and beginning maturity respectively. Dornbos et al. 
(1986) showed that the majority of the dry weight, protein, oil and total sugar accumulated 
between RS and R7 respectively. The moisture content decreased between RS and R7 
steadily. In environmental studies in Argentina, soybean was grown under different 
conditions of latitude, longitude, altitude and temperature. There was no significant 
correlation between the genotypes and environmental conditions. It was concluded that the 
selection of a genotype from their time of maturity was a more important factor [3]. Work 
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has also been carried out regarding pinitol accumulation in soybean plants in response to 
temperature stress. The pinitol content increased in leaves and stems under higher 
temperature conditions, whereas the lower temperatures caused little change in the pinitol 
content [44]. Thus, temperature, growth stage and environment are important factors 
contributing to the final seed composition. 
Studies have been carried out to understand the effect of varying carbon and nitrogen 
concentrations on growth of soybean embryos in vitro. A decreased glutamine concentration 
affected both the protein and oil content whereas an increase in the glutamine concentration 
increased the protein content but not the oil content. An increase in sucrose concentration 
increased the dry weight and protein content but the protein content was lower at the 
maximum sucrose concentration of 150 mM because of enhanced dry weight [45]. In another 
parallel study, it was observed that a minimal concentration of 17 mM of glutamine was 
sufficient for dry weight accumulation without the need for nitrogen accumulation [4]. The 
concentrations of sucrose (146mM) and glutamine (37mM) for the in vitro culture system of 
soybean cotyledons in our study were determined from these studies [4, 46]. 
The goal of the present study is to investigate the effects of varying temperature on 
the central carbon metabolism in developing soybean embryos (Variety Evans). The amount 
of biomass accumulated is representative of the amount of carbon taken into the system. The 
labeled substrate sucrose (and the unlabeled substrate) are metabolized through the network 
into amino acids and ultimately accumulated in the protein. Thus, a retrobiosynthetic 
approach using BLE's and NMR spectroscopy were applied for the metabolic flux analysis 
of the soybean embryo. The comparison of key regulatory points will help in analyzing the 
differences in carbon flux through the metabolic pathway due to varying temperature 
conditions. 
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The following chapter gives the detailed protocol followed for the in vitro culture, 
biomass component extractions, protein hydrolysis and amino acid analysis, NMR 
measurements and the mathematical flux model. 
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3. MATERIALS AND METHODS 
3.1 Soybean culture system and temperature treatments 
Soybean (Glycine max L. Merr.), variety `Evans' was grown in 20 L pots filled with 
soil mix in the growth chamber at a day/night temperature of 27°C/ 20°C under 14 h days 
with a photosynthetic photon flux density of 650 µE m2/s at canopy level from a combination 
of cool white, VHO fluorescent Philips F 96 T 12 (Somerset, NJ, USA) and 100 W 
incandescent lamps. Pots were over seeded and then thinned to three plants per pot at growth 
stage V 1 [4]. The plants were fertilized with 0.4-O.Sg/pot (20-20-20) of Peters professional 
fertilizer (Peter Fertilizer Products, W.R.Grace & Co., Fogelsville, PA) every week. Plants 
were irrigated with tap water every day. Plants were grown at 27°C/ 20°C until 10 days after 
flowering (DAF). Air temperature was adjusted to 35°C/ 27°C (high, H), 27°C/ 20°C 
(medium, M), or 20°C / 12°C (low, L) during seed filling. Seeds were selected for in vitro 
culture beginning 18 DAF at 100 to 120 mg fresh weight per seed. Table 3.1.1 summarizes 
the temperature treatments under which the cotyledons were grown in vitro. 
The procedure for in vitro culture was modified from Obendorf et al (1983). The 
embryos were excised from seeds taken from pods borne on the central nodes. After seed 
coats were removed, cotyledons were surface sterilized with 20% regal liquid bleach (sodium 
hypochlorite 5%) for 15 min, transferred to 70% ethanol for 20 min, and then rinsed three 
times in sterile distilled water. One cotyledon was placed in a 50 mi Erlermeyer flask 
containing 4 mL of sterile medium containing 146 mM sucrose (10% 13C sucrose), 37 mM 
glutamine, vitamins, and micronutrients at pH 5.5. Each temperature treatment had triplicate 
samples. The medium was replaced every 3 days. Cotyledons were harvested after 6 days, 
rinsed with sterile medium and frozen in liquid nitrogen and lyophilized. Freeze dried 
cotyledon tissue was used for oil, protein, starch and sucrose analysis. 
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Oil was extracted from approximately 100 mg lyophilized embryo tissue in hexane 
and weighed. Protein in the defatted pellet was separated from non- protein nitrogen by 
precipitation in approximately 20 % trichloroacetic acid (TCA) and quantified by micro 
Kjeldahl procedures. Starch and sucrose in the defatted powder were quantified by glucose 
oxidase after hydrolysis. The extraction protocols are explained in detail in Appendix A. 
These experiments were carried out in Dr. Westgate's laboratory in Agronomy Department at 
Iowa State University. 
Table 3.1.1 Temperature treatments for in vivo and in vitro soybean culture 
Number of Sample # Growth chamber Incubator chamber Growth/Incubator 
replicates temperature, °C temperature, °C chamber 
(in vivo} (in vitro) 
3 1 /2/3 35 ("high, H") 35 ("high, H") H/H 
3 4/5/6 27 ("medium, M") 35 ("high, H") 1~~/H 
3 7/8/9 27 ("medium, M") 27 ("medium, M") I~~L~M 
3 10/ 11 / 12 27 ("medium, M") 20 ("low, L") l~~I/L 
3 13/14/1 S 20 ("low, L") 20 ("low, L") L/L 
3.2 Protein hydrolysis and amino acid analysis 
The protein extracted from cotyledons cultured under different temperature 
treatments was hydrolyzed to recover the amino acids from the sample. The optimized 
procedure for protein hydrolysis is as follows. The protein was placed in a vacuum 
hydrolysis tube (Pierce chemical company, product # 29564) and hydrochloric acid (constant 
boiling point, 6N, Pierce chemical company, code # 0024350 1803580) was added. The tube 
was then sealed and subjected to vacuum. It was flushed with NZ to remove any traces of air 
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left. This was repeated twice to ensure complete vacuum and remove all traces of 02 from 
the tube. The tube was then placed in a heating block for around 4 hours at 140°C. The 
sample was removed from the heating block and was vaporized in Rapidvap (Labconco, 
model # 7900002) for the removal of HCl in two stages. The first stage consists of a 2-hour 
cycle at 45°C and a pressure of 20 bars. The rotor speed was set to 3 5 % of maximum. The 
first stage ensures the vaporization of HCI. In the second stage, the sample was reconstituted 
in 2 ml of de-ionized water. The second stage was carried out at atmospheric pressure and 
room temperature at 80-90 % of maximum speed for 20 minutes, ensuring that the sample is 
completely reconstituted in the water. 
The final step was freeze-drying. The rapid vaporization stage is important, as the 
freeze dryer cannot handle HCl vapors. The sample was freeze dried in freeze dry system 
(Labconco, model: Freezone 4.5) for 78 hrs at -35°C and 133 mTorr pressure. The dried 
protein sample was then reconstituted in 250-400 µl of deuterium oxide (D20, Sigma-
Aldrich, product # 45336-6) and vortexed thoroughly. The hydrolyzed protein sample was 
analyzed by high performance Iiquid chromatography (HPLC) to determine the mole 
percentages of the amino acids. The HPLC analysis was carried out at the HPLC protein 
facility (Biochemistry, Biophysics and Molecular Biology department) at Iowa State 
University). The amount of hydrolyzed protein sample required for amino acid analysis was 
10µl. 
3.3 NMR sample preparation and analysis 
3.3.1 NMR sample preparation 
The sample was prepared in NMR tubes (Wilmad 528-PP). The sample preparation 
consists of the following steps 
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1. The hydrolyzed protein sample was reconstituted in approximately 250-400 µl of 
D2O after freeze-drying. 
2. 10µl of the standard 2, 2-dimethylsilapentane-5-sulfonic acid (DSS, Sigma-Aldrich, 
product # 17883-7) was then added. 
3. The pH of the sample was then adjusted between 0.5-1.0 by adding DCl (deuterium 
chloride, Sigma-Aldrich, product # 17672-9). 
The total sample volume required to avoid inhomogenity in the magnetic field was around 
500 µl or more. 
3.3.2 Processing of 2-dimensional NMR spectra 
The 13C-labeling pattern, which is reflected in the proteinogenic amino acids, can be 
analyzed using NMR spectroscopy. We used two analytical approaches, the HSQC ('H, 13C 
Heteronuclear Single Quantum Correlation spectroscopy) and the TOCSY (TOtal Correlation 
SpectroscopY). The HSQC analysis determines the degree of coupling between the adjacent 
carbon atoms. Also, since we have unlabeled glutamine as a carbon source in addition to the 
labeled sucrose, there is a dilution of 13C in the system. The 2D TOCSY analysis provides the 
enrichment information of each carbon atom of amino acids. 
The 2D spectra were collected on a Broker advance DRX 500 MHz spectrometer in 
the NMR facility (Biochemistry, Biophysics and Molecular Biology department) at Iowa 
State University). The NMR spectra were acquired and processed using the Xwinnmr 
(Broker) software. The reference zero ppm was set using the methyl signal of DSS as an 
internal standard. The resonance frequency of 13C and ~H were set to 125.7 MHz and 499.9 
MHz, respectively. The sample temperature was maintained at 25°C. Table 3.3.1 lists the 
NMR parameters that were used during the experiments. The number of scans ranged from 
16-32 and was inversely proportional to the concentration of the sample. The spectral width 
of 5028.05 Hz in the ~ 3C dimension corresponded to 40 ppm. The experiments were set up so 
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that peaks outside this sweep width would appear at a chemical shift of ~-40. To elucidate, 
the alpha peaks appear in the range of 54-62 ppm. In our spectrum it was folded over and 
appears at 14-22 ppm. The window function used for processing was a sine function with a 
90° phase shift. After zero filling and processing, there were 1024 complex points in both 
dimensions. 
Table 3.3.1 Parameters used for NMR analyses 
HSQC 
Parameters 1 H 13C
Spectral width 5482.26 Hz 5028.05 Hz 




Isotropic mixing sequence 
5.6 KHz 
DIPSI-2 (76 msec.) 
The HSQC and TOCSY spectra were analyzed using the free software NMRview (version 4 
and 5 available at http://www.nmrview.comn. The software enabled extraction of 1D slice of 
the peaks and quantifying the peak intensities. 
3.4 Mathematical modeling of the reaction network 
The Shanks lab has developed computer software for the mathematical modeling of 
the reaction network [9]. The model includes a singular value decomposition method to guess 
an initial set of fluxes. These fluxes are converted to isotopomer distributions using a 
Boolean function mapping method. The simulated and experimental (from NMR data) 
distributions are compared and the error between them is minimized using simulated 
annealing. The fluxes are refined using the Monte Carlo method and the process is repeated 
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till the global optimum is found. Once the loop converges for the guessed set of initial fluxes, 
the program estimates a new set of initial fluxes and multiple simulations can be carried out. 
The package also includes statistical analysis of the results and provides 90% confidence 
intervals for the fluxes and reversibilities (Figure 3.4.1). The variability arises because each 
NMR measurement has an error due to the noise level in the spectrum. The program assumes 
a normal distribution of the error around the NMR measurement. Every time a new 
simulation is carried out, the program guesses a new set of initial fluxes and compares the 
simulated intensities with the randomly perturbed experimental NMR intensities. 
GUESS FLUX 
DISTRIBUTION 
(Singular value decomposition) 
REFINE FLUXES 
(Monte Carlo method) 
SIMULATE BOND INTEGRITIES 
(Boolean function mapping method) 




Figure 3.4.1 Algorithm used for simulation of intracellular fluxes 
Sometimes, peaks may overlap as a result of which an observed peak is actually a 
combination of more than one peak. The overlap makes deconvolution of the peaks 
necessary. The Shanks lab has developed a computer program for this purpose. The program 
uses the technique of simulated annealing to minimize the error between the simulated and 
experimental data. The reason for the overlap of the peaks is explained more in detail in 
Chapter 4. 
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4. RESULTS AND DISCUSSION 
The results are presented in three parts. Initially, the soybean culture experiments and 
protein quantification are discussed. This is followed by the single compartment model 
suggested for the primary metabolism in soybean. The calculation of external fluxes and 
analysis of the NMR data are discussed in detail. Finally, the computational results for the 
five temperature treatments are presented. The validity of the model used for flux analysis is 
discussed by comparing the simulated and experimental intensities. In addition, a 
comprehensive comparison of the fluxes of all the temperature treatments is presented. 
4.1 Extraction of Protein, Starch and Lipids from soybean embryos 
As discussed in Chapter 3, the soybean cotyledons were grown in vitro under five 
different conditions to study the effect of temperature on partitioning of sucrose and 
glutamine into biomass. The soybean cotyledons were transferred 18 days after flowering 
(DAF) from the growth chamber to the in vitro culture in the incubator chamber for a period 
of 6 days. The cotyledons were then removed from the in vitro culture for extraction of oil, 
protein and starch from the biomass (procedures in Appendix A). The results are shown in 
Figure 4.1.1 and were obtained from experiments carried out in Dr. Westgate's laboratory in 
Agronomy Department at Iowa State University. 
Figure 4.1.1 shows that the genera! trend for dry weights per cotyledon accumulated 
over a period of 6 days decreases with decreasing temperature conditions. It was also 
observed that dry weight for the medium low (M/L) treatment was the same as the low/low 
(L!L) treatment. The percentage of protein was highest for the medium/medium (M/M) 
treatment. The starch increased with decreasing temperature, whereas the oil showed the 
opposite trend. From the biomass dry weight and the protein percentages, it is possible to 
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Figure 4.1.1 Final biomass and composition for soybean cotyledons under different 
temperature treatments (initial cotyledon dry weight was 9.6 mg with a standard deviation of 
0.6) 
4.2 Amino acid quantification 
The protein was measured using the micro Kjeldahl procedure in Dr. Westgate's lab 
in Agronomy Department at Iowa State University (Appendix A). The amount of protein in 
mg was estimated from the biomass accumulated over 6 days and the measured protein 
percentages. Table 4.2.1 shows the amounts of protein under different temperature 
treatments. The observed trend showed that the protein quantities were in comparatively 
higher range for the high/high (H/H), medium/high (M/H) and medium/medium (M/M) 
temperature treatments. Although the percentage of protein was the highest in M/M 
(optimum condition for protein accumulation), the total protein was highest for the M/H, 
followed by the H/H and then the M/M temperature treatments. The higher values of protein 
were obviously because the dry weights were higher for the H/H and M/H as compared to the 
M/M temperature treatment. At the lower temperature treatments, the protein quantities were 
affected due to a decrease in the accumulation of biomass. 
Each protein sample was hydrolyzed into the corresponding amino acids. The 
hydrolysis procedure was followed by an HPLC analysis, which was carried out at the 
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Table 4.2.1 Comparison of protein accumulation for the five temperature treatments 
Temperature Sample # (*) Biomass Protein Protein 
Treatments (mg) % of Biomass measured (mg) 
H/H 1 /2/3 56.8 263 15.0 
M/H 5/6 55.2 29.3 16.2 
M/M 7/8 41.3 31.7 13.1 
M/I., 11 17.9 30.7 5.5 
L/L 15 18.9 28.2 5.3 
* indicates samples pooled for analysis 
protein facility in BBMB Department at Iowa State University. Figure 4.2.1 shows the 
comparison of the HPLC analysis of the hydrolyzed protein for the different temperature 
treatments. To test the HPLC technique, BSA (bovine serum albumin, a protein standard) 
was hydrolyzed for 2 hours and 3 hours and their HPLC analysis was compared with 
literature values of BSA composition. The deviations between the results of the two 
hydrolysis treatments and the published values were in the range of 0-5 % as shown in Figure 
4.2.2. These results confirmed the accuracy of the HPLC analysis, which was used to 
compare the hydrolyzed protein from the soybean cotyledons. The results from the five 
temperature treatments were compared using the T-test. The statistical difference of the 
remaining temperature treatments from the M/M temperature treatment was evaluated and 
are listed in Table B.1 in Appendix B. Amino acids like Thr, His, Ala and Leu were 
significantly different from the M/M treatment. Methionine, in extremely low quantities, also 
showed a significant difference. There was no particular trend observable in our study for 
amino acid composition for different temperature treatments. The exception was for amino 
acids like Leu, His and Met, where there was a statistical difference. The amino acids 
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Comparison between different culture conditions 
~-I/H 




Ala Asx Glx Phe Gly His Ile Lys Leu Met Pro Arg Ser Thr Val Tyr 
Amin® Acids 
Figure 4.2.1 Comparison of proteinogenic amino acid profiles for the five temperature 
treatments (* indicates significant difference with respect to M/M temperature treatment) 
A la C ys Asx G lx Phe G ly His Tle Lys Leu M e t A sn Pro G In Arg Ser Thr Val T rp Tyr 
Figure 4.2.2 Comparison of amino acid profiles in Bovine Serum Albumin (BSA) obtained 
after 2 and 3 hours hydrolysis treatments and published data [47] 
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analyzed are proteinogenic and the total protein content was not exactly determined. 
However, the proteinogenic amino acids reflect the total protein content and can be used as 
important measurements for the flux analysis. As such, the flux profile cannot be directly 
obtained from the amino acid profile and needs to be supplemented with NMR analysis. 
4.3 Metabolic Flux Analysis 
4.3.1 Reaction Network for the metabolism of sucrose in soybean embryos 
The reaction network for the central carbon metabolism in soybean has been 
constructed as shown in Figure 4.3.1. The network consists of the glycolysis pathway (GL~, 
tricarboxylic acid (TCA) cycle, pentose phosphate pathway (PPP), anaplerotic reactions 
(ANAX), glyoxylate (GOX) shunt and y-aminobutyrate (GABA) shunt respectively. The 
reversibilities in the pentose phosphate pathway and the G6P H F6P reaction were also 
included. The anaplerotic reactions included were the phosphoenolpyruvate carboxylase 
(PEP H OAA) and malic enzyme (Mal H Pyr) reactions. The PEP carboxylase reaction 
mainly takes place in the forward direction and is irreversible [48]. The malic enzyme 
reaction is in the backward direction and irreversible [49]. The reversibilities of the 
anaplerotic reactions were set to zero accordingly. Since succinate is a symmetrical molecule, 
there is an inversion of labeling in the succinate to malate reaction in the TCA cycle. This 
inversion of labeling was incorporated as two fluxes in the system, one with the original 
carbon skeleton rearrangement and the other with the inverted rearrangement. 
In the reaction network representing soybean metabolism, there are 58 reactions and 
22 metabolites. Thus, there are F=36 degrees of freedom prior to experimentation. There are 
9 external measurements (A-CoA to lipids, PSP, E4P, 3-PG, PEP, Pyr, A-CoA, OAA and 
Glu to corresponding amino acids respectively). The limits for the substrate consumption 
(sucrose and glutamine) and effluxes (pyruvate, succinate, PSP efflux, F6P efflux and 
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legend: Me in cell (free in mediu e in cell (fixed, biomass component) 
Figure 4.3.1 Single compartment model for the metabolism of sucrose in soybean cotyledons 
(Appendix C for complete listing of the reactions in the network) 
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saccharides efflux) were estimated. From the NMR analysis, the intensity fractions for each 
carbon atom of every amino acid were obtained. The NMR data provided the additional 
constraints to solve the reaction network. Thus, the system was overdetermined with 
redundant information, which helped in efficient flux analysis. Appendix C gives the list of 
all the reactions in the network. 
Figure 4.3.1 shows that the amino acids are distributed across the reaction network. 
Thus, amino acids provide well distributed NMR information. Hence, amino acid 
measurements were used to quantify the intracellular fluxes. Once the biochemistry and the 
carbon skeleton rearrangements were identified, the information was used to calculate the 
external fluxes. The external fluxes and other input parameters were standardized against 20 
times glycine production per day as explained in the following section. 
4.3.2 Calculation of external fluxes 
The external fluxes were determined from the amino acid HPLC analysis, coupled 
with the precursor-amino acid stoichiometry. The external fluxes, which were calculated and 
input to the program, are listed in Table 4.3.1. To elucidate, consider Flux 36.OAA is a 
precursor for Asx, Ile, Lys, Met and Thr. The biochemistry of the pathways indicate that 1 
mole of Asx, Ile, Met and Thr each requires 1 mole of OAA. 1 mole of Lys, however, 
requires 2 moles of OAA. Similar analysis could be applied to the other fluxes as well. Table 
4.3.2 shows the relationship of the stoichiometry between metabolites and corresponding 
amino acids. The amount of protein present could be calculated from the biomass dry weight 
and the percentage of protein in the biomass for each temperature treatment. The amino acid 
analysis provides the mol % of the amino acids. Hence, the corresponding moles of each 
amino acid synthesized to make protein for each temperature treatment could be calculated. 
The moles of each amino acid were calculated and summed to give the total moles per day of 
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the precursor metabolite in the system. In the case of Flux 30, it was assumed the nucleotides 
were 5 % of the total biomass. 
Table 4.3.1 External fluxes to be input to the program 
Flux # Precursor metabolite —~ Amino acids/ Lipids 
29 A-CoA --~ Lipids 
30 PSP ~ His +Nucleotides 
31 E4P -~ Phe +Tyr 
32 3-PG —~ Gly + Ser 
3 3 PEP —~ Phe +Tyr 
34 Pyr -~ Ala +Val +Ile +Lys +Leu 
3 5 A-CoA —~ Leu 
36 OAA--~Asx+Ile+Lys+Met+Thr 
37 Glu —~ Glx +Pro + Arg 
The calculation of moles of lipids in the system was carried out as follows. The lipid 
percentage was known for each temperature treatment. Palmitic acid was assumed to be the 
major lipid present and the molecular weight of palmitic acid was considered for the 
calculations (CSiH98O6, Molecular weight = 807.34). 
24 A-CoA + 1 T3P ~ 1 Lipid 
Thus, corresponding amount of A-CoA and T3P can be calculated. 
The calculated values of precursor metabolites were then standardized with respect to 
20 times glycine production per day (Table 4.3.3). The standardization was done to ensure 
the values of the input fluxes were in the range of 0-2.0. This constraint helped the program 
to converge by eliminating the occurrence of floating point overflow and underflow errors. 
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Table 4.3.2 Molar ratios of metabolites to corresponding amino acids 
Precursor 
metabolite ~ 3-PGA Pyr PEP E4P A-CoA OAA 2-OxoG RSP 
~, u 
Ala 0 l 0 0 0 0 0 0 
Asx 0 0 0 0 0 1 0 0 
Glx 0 0 0 0 0 0 1 0 
Phe 0 0 2 1 0 0 0 0 
Gly 1 0 0 0 0 0 0 0 
His 0 0 0 0 0 0 0 1 
Ile 0 1 0 0 0 1 0 0 
Lys(50%) 0 1 0 0 0 1 0 0 
Lys(50%) 0 1 0 0 0 1 0 0 
Leu 0 2 0 0 1 0 0 0 
Met 0 0 0 0 0 1 0 0 
Pro 0 0 0 0 0 0 1 0 
Arg 0 0 0 0 0 0 1 0 
Ser 1 0 0 0 0 0 0 0 
Thr 0 0 0 0 0 1 0 0 
Val 0 2 0 0 0 0 0 0 
Tyr 0 0 2 1 0 0 0 0 
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Table 4.3.3 sums up the external fluxes for all the 5 temperature treatments. There was no 
general trend observed among the temperature treatments. However, in the case of Flux 3 5 
(acetyl-CoA --~ leucine), the flux value for the M/M temperature treatment was the highest, 
which is a direct representation of the amino acid analysis where the percentage of 
leucine was highest for the NUM temperature treatment. Flux 29 (acetyl-CoA --~ lipids) and 
34 (pyruvate ~ amino acids) followed the trend of the protein and lipid quantities in the five 
temperature treatments and were highest for the M/H treatment and decreased with 
decreasing temperatures. Thus, the numerical values of the external fluxes were a combined 
representation of the biomass dry weight, corresponding percentages of proteins and lipids, 
calculated sucrose consumption rates and the percentages of the amino acids in the system. 
Table 4.3.3 External flux values input to the program for the 5 different temperature 
treatments (values are normalized relative to 20 times glycine production per day) 
F 1 ux # * H/H NUH M/M M/L L/L 
Glycine 1.48E-6 1.48E-6 1.26E-6 5.06E-7 4.79E-7 
(moles/day) 
29 1.5876 1.6999 1.2632 1.1909 1.1339 
30 0.1444 0.1417 0.1230 0.1342 0.1511 
31 0.0404 0.0428 0.0438 0.0441 0.0421 
32 0.1480 0.1561 0.1392 0.1337 0.1324 
33 0.0808 0.0856 0.0876 0.0882 0.0841 
34 0.2953 0.3203 0.3269 0.3326 0.3184 
35 0.0498 0.0530 0.0627 0.0570 0.0534 
36 0.1833 0.1986 0.1792 0.1920 0.1933 
37 0.1888 0.2035 0.1876 0.2002 0.2157 
* Table 4.3.2 for description of pathways for each Flux # 
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4.3.3 Calculation of the sucrose and glutamine consumption rates 
The culture media at the end of 6 days incubation contained unused sucrose and 
glutamine as well as glucose, fructose, and other secreted metabolites. Since the sucrose 
intake and glutamine intake were not measured directly, an alternative method was used to 
calculate the intake rate for sucrose using data from the literature. The conversion factors for 
the glucose consumed per kg of product for the major biomass constituents at room 
temperature were obtained from literature [50]. These factors were considered applicable to 
the l~ti'M temperature treatment and are tabulated in Table 4.3.4. 
Table 4.3.4 Conversion factors for estimating glucose consumed per kg of biomass 
constituent produced [50J 
Biomass Glucose consumed 




Because the amount of protein and % of each amino acid in the protein were known 
for the M/M temperature treatment, the total carbon (C) content in the protein could be 
calculated. Similarly, C content in starch and T3P and Acetyl-CoA of the lipids could also be 
calculated. The amount of cell wall was assumed to be approximately 30 % of the biomass. 
The combination of starch and cell wall gives the total percentage of carbohydrates in the 
biomass respectively. Since the exact composition of the cell wall was not known, it was 
assumed to contain equal percentages of cellulose and hemicellulose. The monomer 
constituting the cellulose and hemicellulose were considered to be C6H120 6 and C6Hlo~s~ 
respectively. The values for C content in cell wall calculated considering equal percentages 
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of cellulose and hemicellulose corresponded very well with the C content calculated using 
cell wall composition data for soybean from literature [51 ]. Thus, a combination of C content 
in the major biomass constituents, i.e. protein, starch and carbohydrates was estimated. Using 
the conversion factors in Table 4.3.4, the amounts of glucose consumed and hence the 
sucrose consumed was estimated for the l~~i/M temperature treatment. The difference between 
the C content in sucrose consumed and C content in the biomass gave the C evolved during 
respiration. The method of calculating sucrose consumption was extrapolated to other 
temperature treatments and was carried out using two different methods. First, we assumed 
constant yield of biomass (defined as ratio of the biomass dry weight! total amount of sucrose 
consumed) for all the temperature treatments. Because the biomass growth rate per day was 
known, scaling factors could be obtained for each temperature treatment. The amount of CO2
evolved was then calculated for the remaining temperature treatments. The amounts of 
protein, starch and carbohydrates were known for these temperature treatments and the C 
content in the biomass could be estimated. A sum of the C content in the biomass and the C 
evolved during respiration estimated the total C content in sucrose consumed for the 
remaining temperature treatments. 
The second method involved considering the temperature coefficient of respiration 
(Q i o) equals 2 for the soybean cotyledons. A Q ~ o of 2 was equivalent to considering that the 
respiration rate increased or decreased two-fold fora 10°C rise or fall in temperature. The 
following equation was used to estimate the CO2 evolution rates for the H/H, l~~i/H, M/L and 
L/L temperature treatments respectively with respect to the M/M temperature treatment. 
In Q ~ o = (10/T2-T i) In (K2/K 1) 
where, T2 is the higher temperature, K2 is the reaction rate at T2; T~ is the lower temperature, 
Kl is the reaction rate at TI and K is the respiration rates for the respective temperature. For 
soybean cotyledons, we used the growth rate of the biomass per day at the respective 
temperatures as a representation of the respiration rates. 
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Table 4.3.5 summarizes the sucrose consumption rate calculated using both methods. 
The values reported in Table 4.3.5 were standardized with respect to 20 times glycine 
production per day. The values estimated using both methods were in the same range. As it 
was not explicitly known how much cell wall growth takes place during the 6 days in the 
incubator chamber, sucrose values were calculated using both methods assuming complete 
cell wall growth or no cell wall growth. Such an assumption helped us to set upper and lower 
limits for the sucrose consumption input data to the program. Out of the 2 methods used to 
calculate the sucrose consumption rates, the lower limit and upper limit were set according to 
the lower of the 2 values and higher of the 2 values. The calculations for the sucrose 
consumption rate using constant yield and Quo = 2 methods are shown in Appendix D. The 
values of the sucrose intake decrease with decreasing temperature treatments. 
The glutamine consumption was calculated using the proteinogenic amino acid 
measurements. The glutamine fed into the system is primarily used as a nitrogen source for 
the biomass growth. Consider an amino acid, alanine, its molecular formula is given by 
C3H~NO2. The molar percentage of nitrogen in this amino acid could be calculated from the 
molecular and atomic weights of alanine (89) and nitrogen (14) as (14/89) * 100, which is 
equal to 15.73 %. Similarly, the percentage of nitrogen in other amino acids could be 
calculated and the total amount of nitrogen in amino acids was estimated. The nitrogen 
percentages could be converted to the total amount of glutamine consumed in the system. 
The insoluble protein percentage ranged from 2-5 % of the biomass dry weight. To 
encompass the entire range of glutamine intake, the limits for the intake were set as shown 
below in Table 4.3.6. The absolute values of glutamine intake decreased with decreasing 
temperature, which was due to the lower amount of protein in the lower temperature 
treatments. Thus, it was concluded that the capacity of synthesis controls the substrate uptake 
by the soybean cotyledons. The analysis of the NMR data is discussed in the next section. 
35 
Table 4.3.5 Standardized sucrose consumption rates input to the program for five temperature 
treatments 
Calculation Limits ; H/H M/H l~ti'M * M/L L/L 
Method 
Constant Lower ; 0.94 0.97 0.84 0.87 0.88 
yield U er ; 1.27 1.29 1.13 1.17 1.22 PP _ 
Q l o = 2 ~ Lower ; 0.96 0.99 0.84 0.90 0.91 
Upper ~ 1.37 1.41 1.13 1.33 1.37 
* Limits calculated for this treatment using both methods are the same for both methods since l~~I~M is 
the standard treatment. 
Bold faced values are the final lower and upper limits set for the program 
Table 4.3.6 Standardized glutamine consumption rates input to the program for five 
temperature treatments 
Glutamine intake H/H M/H M/M M/L L/L 
limits 
Calculated 1.39E-5 1.52E-5 1.19E-5 5.15E-6 5.04E-6 
(moles/day} 
Calculated * 0.59 0.55 0.47 0.66 0.53 
Lower * 0.52 0.50 0.40 0.57 0.47 
Upper * 0.70 0.60 0.5 5 0.70 0.60 
* Values normalized with 20 times glycine production per day 
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4.3.4 NMR data analyses 
The signal to noise ratio (S/N) in an NMR experiment depends directly on the 
concentration of the nuclei (C) and the number of scans (NS). 
The accumulation time (Ta) for a free induction decay (FID) depends on NS and TP, where Tp
is given by the following equation [52]. 
TP =tP +T~y +Tra 
where, tP'is the length of radiofrequency pulse, T~q is the acquisition time and Tea 
relaxation delay. And, 
is the 
Ta = TP * NS
Thus, to double the signal to noise ratio in the case of low concentrations, the number of 
scans needs to be increased four times. Since Ta depends directly on NS, it will also increase 
proportionately. Hence, a balance is essential between Ta, NS and S/N as the cost required to 
run an NMR experiment is very expensive. 
The protein quantities shown in Table 4.2.1 indicate that the concentration was the 
highest in the case of NUH temperature treatment. The H/H and l~~i/M also had high amounts 
of protein whereas the protein concentration was low for the L/L and MIL temperature 
treatments. In the case of M/H and l~ti'M temperature treatments, 2 out of 3 samples were 
pooled to increase the protein concentration for NMR analysis. In the case of H/H 
temperature treatment, all the 3 samples were pooled to reduce NMR run time. In the case of 
M/L and L/L temperature treatments, a single sample was taken and the number of scans in 
the experiment was increased to compensate for the concentration, which increased the NMR 
time. 
The 2D NMR analyses were carried out differently to achieve a balance between 
NI~~IIZ time and the concentration of the protein in the NMR tube. Only 10 %labeled sucrose 
was fed to the soybean cotyledons. If this 10 %labeling randomly distributes through the 
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network, the probability that two adjacent atoms are labeled, is about 1 %and the probability 
that 2 adjacent atoms originating from the same metabolite being labeled is 10% [6]. The 
minimum concentration fora 2D NMR analysis is 1 mM, from the specifications of a 500 
MHz spectrometer and the amino acid with the lowest concentration was methionine (2 mole 
%). Hence, for approximately 20-22 hour NMR experiment, taking all the above mentioned 
factors into consideration the minimum amount of protein required in our sample for the 500 
MHz spectrometer was 7 mg. 
The two analyses carried out on the samples of five temperature treatments were 2D-
HSQC (Heteronuclear Single Quantum Correlation spectroscopy) and 2D-TOCSY (TOtal 
Correlation SpectroscopY). The spectrum of the 2D-HSQC for the l~~i/M sample is shown in 
Figure 4.3.2. From the known chemical shift and J coupling data, the peaks could be 
identified on the spectrum. The NMR software (NMRview) enabled a 1 D slice of the peak 
and the area under the peaks could be quantified. For example, the magnified peak of the 
spectrum as shown in Figure 4.3.2 was proline-~. From the known biochemistry of the 
pathway, it was deduced that in the case of pro-b, the multiplets observed would be a singlet 
and a doublet. The 1 D slice of pro-S shows the singlet and doublet peaks. The intensities 
obtained from the area under the peak were used to report the relative fractions of the singlet 
and the doublet with respect to the total intensity for pro-b peak. The noise was also 
calculated in the different regions of the spectrum. Figure 4.3.3 (a) shows the alpha peak of 
aspartate/ asparagines. In the case of the alpha peak, we should observe a singlet, a smaller 
doublet, a bigger doublet and a doublet of a doublet (Figure 2.4. I ). Thus, in all 9 peaks 
should be observed. However, 7 out of the 9 peaks are visually clearly observable. It was 
inferred that since the chemical shifts are in close range of each other some peaks might 
overlap. As a result, some of the observed peaks were actually a combination of more than 
one peak. This overlap made deconvolution of the peaks necessary. A computer program for 
deconvolution was developed. Figure 4.3.3 (b) shows that the program works effectively in 
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Figure 4.3.2 2D HSQC spectrum for amino acids from the H/H temperature treatment where 
D1 is the 13C chemical shift and DO is the 1H chemical shift. The enlarged section represents 
the proline-b peak and its 1D slice from the 2D HSQC spectrum. (1, 2, 3 and 4 are peaks of 
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Figure 4.3.3 (a) 1D slice of aspartate-a from the 2D HSQC spectrum from H/H temperature 
treatment, where D 1 is the 13C chemical shift and DO is the 'H chemical shift (b) Peak fitting 
of threonine-a using the deconvolution program 
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fitting the experimental and simulated data. 
The TOCSY spectrum shown in Figure 4.3.4 was used to calculate the carbon 
enrichments. The magnified peak shown in the Figure 4.3.4 belongs to Phenylalanine-E. The 
TOCSY analysis detects the protons attached to 12C and 13C. The central peak for Phe-E was 
stronger compared to the satellite peaks on either side and signified the protons attached to 
the 12C. The satellite peaks were from the protons attached to the 13C and thus denoted the 
enrichment of the carbon atom under consideration. If each satellite peak is denoted by b and 
the central peak is denoted by a, the enrichment can be calculated as 
Enrichment = 2b/ (a+2b) 
The combined data of the HSQC and TOCSY experiments was reported for each carbon 
atom for the proteinogenic amino acids. The NMR data provide additional constraints for the 
system. The external fluxes calculated combined with the NMR data form the input data to 
the computer program, which calculated the intracellular fluxes. 
Table E.1 in Appendix E gives a comprehensive listing of the entire relative intensity 
fraction for the carbon atoms of the amino acids for all the different temperature treatments. 
The comparisons between the temperature treatments are discussed in detail in section 4.5.2. 
4.3.5 Additional input data assigned to the program 
Apart from specifying the sucrose and glutamine intake limits, limits for additional 
parameters were assigned to the program. The other parameters include the pyruvate efflux, 
succinate efflux, penx (efflux from PSP) and frux (efflux from F6P) and saccharides (sac, 
efflux from G6P) limits. Since the pyruvate and succinate efflux were not measured in our 
experiment, the upper limits were set taking into consideration the possibility of an efflux. 
The upper limits for the penx and the frux were set using values from the literature [51]. 
Table 4.3.7 summarizes the limits for these additional parameters for the five treatments. The 
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Figure 4.3.4 2D TOCSY spectrum of the H/H temperature treatment where D 1 and DO are 
the chemical shifts of 1H. The enlarged portion represents the peak of Phe-s and its 1D slice 
from the 2D TOCSY spectrum. (a and b indicate the central and satellite peaks respectively) 
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Table 4.3.7 Summary of additional input data to the program for the five-Temperature 
treatments 
Parameters H/H M/H 1~1/M M/L L/L 
Pyruvate efflux 0-0.5 0-0. S 0-0.5 0-0.5 0-0.5 
Succinate efflux 0-0.8 0-0.8 0-0.8 0-0.8 0-0.8 
Sac 0.10-0.3 S 0.10-0.3 5 0.10-0.3 5 0.14-0.3 5 0.11-0.3 5 
Penx 0-0.3 5 0-0.3 5 0-0.3 5 0-0.3 5 0-0.3 5 
Frux 0-0.02 0-0.02 0-0.02 0-0.02 0-0.02 
Sac represents saccharides, penx represents efflux from pentose-5-phosphate and frux represents 
efflux from fructose-6-phosphate 
4.4 Mathematical model for the reaction network 
4.4.1 Algorithm for evaluating intracellular fluxes in soybean embryos 
To solve the problem of converting the NMR data to flux data, an initial set of 
guessed fluxes was used to generate a simulated isotopomer distribution. The isotopomer 
distribution was compared to the experimental distribution from the NMR data and the 
process can be reiterated until the error between the simulated and experimental distribution 
was minimized. This approach uses two innovative techniques; a singular value 
decomposition method to obtain a feasible set of fluxes and a Boolean function mapping 
method to enumerate the isotopomers for the system. The Boolean function mapping method 
requires minimal input from the user. The mathematical model also incorporated all the 
known reversible reactions. This was important as the reversibility could affect the flux 
values to a large extent especially in the case of complex plant systems. The model uses a 
simulated annealing method for error minimization and a Monte Carlo method for refining 
guesses. Once the global optimum for the error between the simulated and experimental 
NMR intensities was found, a quadratic search (Powell method) was used to converge closer 
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to the real optimum. The statistical analysis of the intracellular fluxes obtained was carried 
out using a constant x 2 method, which gave 90 %confidence intervals for the fluxes [9]. 
The zeroth run of the simulation was carried out using the actual values of the NMR 
intensity fractions input to the program. Five hundred simulations were then carried out by 
perturbing each data point randomly using a normal distribution within the limits of the NMR 
error. For example, the Ile y i peak had a singlet fraction of 0.2519 and a doublet fraction of 
0.7481 with an NMR experimental error of 0.045. Thus, the values of the singlet and double 
fractions were perturbed in the region of ±0.045 errors randomly using a normal distribution. 
A probability distribution function was plotted for important fluxes and flux ratios in the 
metabolic pathway. The above mentioned approach was used for the five temperature 
treatments. 
Consider a reversible reaction, A + B H C + D. If the flux in the forward reaction is 
represented by v +rand the reverse flux is r, then E = r/ (v+r) is the extent of reversibility. If 
E is zero, it indicates that the reaction is irreversible and if E is 1, it indicates that there is no 
net flux in the forward direction. The limits of E were set as E m ; n  = 0 and Ems = 0.999 for all 
the reversible reactions in the network. For an E ms  value of 0.9999, r (the reverse flux) can 
take very large values. A very large value of r, however, is impractical as the enzymes 
catalyzing the reversible reactions will not be able to handle such high fluxes. The optimum 
to which the program converged was the same for E ms  = 0.999 and Emax = 0.9999. 
However, for an E ms  value of 0.99, the optimum was different. Thus, it was concluded that 
the E ms  value of 0.999 is a good estimate for flux analysis. Figure 4.4.1 shows the 
probability distribution for the PPP to glycolysis flux ratio for the M/M temperature 
treatment. It can be seen from Figure 4.4.1 that the range of different flux values taken or the 
flux ratio (that the program converges to) is tighter for simulations run with E ms  value of 
0.999 as compared to the E ms  value of 0.9999. A comprehensive analysis of the results of the 
simulations is discussed in the following section. 
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Figure 4.4.1 Probability distribution for Pentose Phosphate Pathway/ Glycolysis flux ratio 
evaluated at two levels of Ems for M/M temperature treatment 
4x4.2 Program output for the M/M temperature treatment 
The external fluxes and NMR data were used as inputs for 501 simulations, which 
were carried out for the metabolic flux analysis in the developing soybean cotyledon for the 
M/M temperature treatment. The zeroth simulation took around 5.4 minutes and the 
remaining 500 simulations took an average of 1.9 minutes each. Thus, for a particular 
temperature treatment, these 501 simulations took a total time of 16 hours. Figure 4.4.2 
represents a metabolic map of the central carbon metabolism in developing soybean 
cotyledons. The flux values shown in the map are standardized with respect to 20 times 
glycine production per day. 
The metabolic flux map can be used as an important tool for making important 
observations about pathway functioning. A probability density function was plotted for the 
PPP to glycolysis and PPP to sucrose intake flux ratios for the 500 simulations. The flux of 
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Figure 4.4.2 Metabolic flux map for developing soybean cotyledon for the l~'I/M temperature 
treatment using a single compartment model 
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the carbon entering the PPP pathway from G6P represents one carbon lost as CO2 and the 
remaining 5 carbons as PSP. F6P metabolizes to two T3P molecules, which doubles the flux 
from F6P to T3P. Taking these metabolic steps into consideration, the PPP to glycolysis flux 
ratio was calculated as PPP flu~c/ (0.5 * T3P flux).By the same analogy, the PPP to sucrose 
intake ratio was calculated as PPP flu~c/ (2 *Sucrose intake). The probability density 
functions for these flux ratios are shown in Figure 4.4.3. The mean value of the 
PPP/Glycolysis flux was 0.30 with a 90% confidence interval of [0.23, 0.38]. The mean 
value indicates that the PPP flux is around 30 % of the glycolysis flux. For the PPP/ Total 
sucrose intake ratio, the mean value was 0.24 with a 90%confidence interval of [0.18, 0.29]. 
This value indicates that 24 % of the sucrose input flux flows into the pentose phosphate 
pathway. The extent of reversibilities for the transketolase and transaldolase enzymes 
catalyzing the PPP reactions were 0.97 [0.92, 0.999], 0.94 [0.90, 0.999) and 0.999 [0.999, 
0.999] respectively. Thus, the reversible reactions in the PP pathway reactions were found to 
have no net flux. The extent of reversibility for the G6P H F6P reaction had a mean of 0.14 
with a 90 %confidence interval of [0-0.5]. This low value, though not very well determined, 
indicates that the G6P —~ F6P reaction was not very reversible in the case of the M/M 
temperature treatment. The anaplerotic reaction PEP t~ OAA catalyzed by the PEP 
carboxylase enzyme had a relative flux (with respect to glycine) of 0.31 [0.2, 0.4]. The flux 
through the anaplerotic reaction Pyr H Mal catalyzed by the malic enzyme was a negligible 
flux. Figure 4.4.4 shows the probability distributions for the flux ratios of PEP carboxylase to 
pyruvate dehydrogenase (ppcf/pdh), malic enzyme to pyruvate dehydrogenase (meb/pdh) and 
the net anaplerotic reactions to pyruvate dehydrogenase (ana/pdh) reactions. The ratio of the 
pyruvate dehydrogenase reaction to the PEP carboxylase reaction was 10 indicating that the 
most of the flux channels into lipids and the TCA cycle. Thus, down regulating the PEP 
carboxylase gene in soybean would not help in increasing the carbon partitioning, say in 
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Figure 4.4.4 Probability distribution for flux ratios for M/M temperature treatment (ppcf 
indicates PEP-carboxylase enzyme catalyzing the forward reaction of PEP to OAA, meb 
indicates the malic enzyme catalyzing the backward reaction of Mal to Pyr and pdh indicates 
pyruvate dehydrogenase enzyme catalyzing the reaction of Pyr to A-CoA) 
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pyruvate dehydrogenase. 
The glyoxylate shunt was found to be inactive. The limits of succinate and pyruvate 
effluxes were set to 0-0.8 and 0-0.5, respectively, for the M/M temperature treatment. Figure 
4.4.5 shows the probability density function for pyruvate and succinate efflux. The mean 
value of the succinate efflux was 0.44 with a 90 %confidence interval of [0.32, 0.55]. 
However, the mean pyruvate efflux was 0.34 but the standard deviation from the 500 
simulations was very high (0.13) indicating that this flux was not well determined. A trial run 
was carried out by keeping all the other values of the input parameters constant and changing 
the pyruvate efflux limit from 0-0.5 to 0-2.0. The standard deviation was very high even in 
this case and program converged to pyruvate efflux values ranging from 0-2.0. Thus, the 
pyruvate efflux was not `identifiable' for the soybean system. The reaction network is 
represented with a mathematical model supplemented with external measurements. The 
information about different parts of the pathway is obtained from measurements pertaining to 
that particular part of the pathway. For example, flux analysis of the reversibilities of the 
transketolase and transaldolase reactions in the pentose phosphate pathway depend primarily 
on the labeling information obtained from the PEP family of the amino acids and His. If the 
external measurements or the independent NMR information are not sufficient to estimate the 
fluxes or if the error in the measurements is large, then the fluxes become `structurally 
unidentifiable' . This problem can be solved by increasing the number of measurements or 
providing the system with low noise level measurements. However, in some cases, the 
relationship between the NMR measurements and the fluxes are very complicated. In such 
cases, the fluxes become `statistically unidentifiable' and a very low noise level can translate 
into large confidence intervals for the fluxes. Thus, in the case of a statistically unidentifiable 
flux, the model cannot estimate the flux irrespective of redundant measurements pertaining to 
that flux and the pyruvate efflux is one such measurement in our system. Although, succinate 
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Figure 4.4.5 Probability distribution for efflux rates of succinate and pyuvate from the 
cultures of soybean cotyledon for M/M temperature treatment 
other organic acid effluxes are needed for better estimation of metabolic fluxes for the 
soybean system. 
In the lower part of the reaction network comprising of the TCA cycle, GABA and 
GOX shunt, it is observed that though there is considerable flux through the GABA shunt, 
the reactions associated with it are not identified. The reason for non-identifiability could be 
due to dilution of carbon in that part of the network due to the unlabeled glutamine. This 
dilution effect results in weak metabolic information from the NMR spectrum for the 
metabolites associated in lower part of the reaction network. Feeding the system with labeled 
glutamine in addition to labeled sucrose can possibly solve this issue of non-identifiability. 
Earlier studies have reported flux evaluation through the GABA shunt in Aspe~gillus niger~ 
using labeled glutamine as the feed [53]. 
SO 
4.4.3 Comparison of simulated and experimental NMR intensities for the NZ/M 
temperature treatment 
The comparison of the simulated and experimental NMR intensity of the carbon 
atoms of the amino acids was used to test the validity of the single compartmental model 
constructed for the metabolism of developing soybean cotyledon. For a terminal carbon 
atom, for example, proline-b, there are two possibilities. It is attached to proline-y which is 
12C and this gives rise to a singlet peak in the NMR spectrum; or it is attached to a proline-y 
which is 13C and this gives rise to a doublet peak in the NMR spectrum. Thus, the singlet and 
doublet peaks of proline-b are represented as relative intensities (or fractions) with respect to 
the total peak intensity. Figure 4.4.b shows clearly that the simulated intensity compares very 
well (3-7 %difference) with the experimental intensity for the OAA and pyruvate family of 
amino acids. Figure 4.4.7 shows the comparison of the intensities for the PEP family of 
amino acids, Phe and Tyr. In some cases, the difference between the simulated and 
experimental intensities is more than 10 %. This difference indicates that the model is not 
valid for the upper part of the pathway comprising the glycolysis and PPP reactions. A 
possible compartmentation in the upper part of the pathway could be the reason for the 
difference in the simulated and experimental intensities of PEP family of amino acids. The 
plant system is known to be complex with most of the reactions in the present model 
occurring in multiple compartments. The assumption made was that the exchange between 
the compartments is extremely high and the flux value in the one-compartment model 
represents a net flux. However, for the upper part of the network comprising of the glycolysis 
and PPP reactions, this assumption was not valid. Hence, atwo-compartment (cytosolic and 
plastidic) model needs to be incorporated for better estimation of fluxes in soybean 
cotyledons. The following section 4.5 discusses the effects of temperature in the central 
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4.5 Temperature effects on soybean metabolism 
4.5.1 Comparison of program outputs for the H/H, M/H, M/L, L/L and l~Z/M 
temperature treatment 
Computer simulations were carried out for the remaining four temperature treatments 
H/H, l~~I/H, M/L and L/L respectively. As in the case of the l~Z/M temperature treatment, the 
probability distribution was plotted for PPP to glycolysis ratio, PPP to sucrose intake ratio, 
PEP carboxylase to pyruvate dehydrogenase, malic enzyme to pyruvate dehydrogenase and 
the net anaplerotic reactions to pyruvate dehydrogenase reactions respectively for the 
remaining temperature treatments. The student's t-Test was used to compare the flux ratios at 
different temperature treatments with respect to the l~'I/M temperature treatment using the 
jmp software (version 5.0.1). The results of this test are shown in Figure 4.5.1. All the flux 
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Figure 4.5.1 Comparison of flux ratios of different temperature treatments with respect to the 
M/M temperature treatment. All these ratios are statistically significantly different except 
PPP/glycolysis for L/L and M/M and PPP/suc for M/L and M/M temperature treatments 
respectively. (Flux ratios plotted are pentose phosphate pathway to glycolysis, PPP to sucrose 
intake, PEP carboxylase reaction to pyruvate dehydrogenase (pdh), malic enzyme reaction to 
pdh and net anaplerotic reaction to pdh) 
the PPP to sucrose intake ratio for the M/L and M/M temperature treatments and the PPP to 
glycolysis reaction for the L/L and M/M temperature treatments were not statistically 
significantly different. 
Table 4.5.1 lists the absolute values of the metabolic fluxes for all five temperature 
treatments. The corresponding metabolic flux maps for the remaining four temperature 
treatments are shown in Appendix F. Table 4.5.2, which shows the absolute values of the 
fluxes, shows that the sucrose intake decreases with decreasing temperatures and the 
glutamine intake is highest for the M/H temperature treatment. The protein produced in the 
M/H was the highest and thus, the flow of the carbon reflected in the pathway agrees with the 
trend of the amount of protein or oil produced in the system at that- particular temperature 
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where there is a partitioning of the flux into multiple branches of the network. The node 
under consideration can be either rigid or flexible. A node is said to be `rigid' if the ratio of 
the carbon flow through the node remains the same irrespective of changes to the total flux 
coming into the node and is `flexible' if the ratio of the carbon flow changes with a change in 
the incoming flux. 
For rigid nodes, genetic modification will be necessary to alter the metabolic flow in 
the desired direction. However, in the case of flexible nodes, the channeling of the precursor 
metabolite can be modified by the system without the need of any major genetic modification 
[54] .For, example if we consider the node where the flux partitions into the pentose 
phosphate and glycolysis pathways, our statistical analysis (Figure 4.5.1) indicates that the 
flux ratios are significantly different for alI five temperature conditions. This difference 
implies that the soybean system inherently takes care of the increased or decreased 
requirement of flux through the PPP or glycolysis branches of the reaction network. Hence, a 
genetic manipulation of this particular node is not required to change the carbon flow. Thus, 
in the case of the soybean system, as shown in F figure 4.5.1, our results indicate that the 
network is flexible, though no particular trend can be detected. However, atwo-compartment 
model would be required before we can make the conclusion of the flexible network with 
more confidence. 
The observations from section 4.4.2 about the GABA shunt and pyruvate effluxes for 
M/M temperature treatment were evident in the remaining four temperature treatments as 
well. For the lower temperature treatments, the anaplerotic reaction of PEP to OAA with 
respect to the pyruvate dehydrogenase reaction was negligibly small. However, for the higher 
temperature treatments, there was a small flux through the PEP to OAA reaction. The amount 
of protein accumulated was much greater in the higher temperature treatments as compared 
to the lower temperature treatments, with the l~~i/H producing maximum protein. Figure 4.5.2 
shows that the value of the ppcf/pdh flux ratio is the highest for the M/H, followed by the 
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0 0.02 0.04 0.06 0.08 0.1 
Flux ratio (ppcf/pdh) 
0.12 0.14 0.16 
Figure 4.5.2 Probability distribution of flux ratio of PEP carboxylase to pyruvate 
dehydrogenase (ppcf/pdh) for the five different temperature treatments 
M/M and H/H temperature treatment respectively. Thus, the flux through anaplerotic 
reactions do increase as required in the system. In our case the need for the precursor 
metabolite to produce more protein provides the incentive. For the remaining 4 temperature 
treatments also, the glyoxylate shunt was inactive. 
As observed in the case of the MlM temperature treatment, the NMR intensity 
compared well (3-7 %difference) for Glu, OAA and Pyr family of amino acids but there 
were considerable differences (more than 10 %) for the PEP and PSP family of amino acids. 
Figure 4.5.3 represents the intensity comparison for the glutamine family of amino acids for 
the H/H and the PEP family of amino acids for the M/L as a representation of the 
comparison. The comparison of the input intensities for all the temperature treatments is 
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Figure 4.5.3 Comparison of experimental and simulated intensities for (a) Glutamine family 
of proteinogenic amino acids for H/H treatment and (b) Pyruvate family of proteinogenic 
amino acids for M/ L treatment (a, b, g and d indicate oc, ~3, y and b carbon atom; s, d 1, d2, dd 
and t indicates singlet, doublet, second doublet, double doublet and triplet respectively) 
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4.5.2 Comparison of input NMR intensities for the five temperature treatments 
Consider the reaction network as shown in Figure 4.3.1, In the case of the pyruvate 
family of amino acids the Sl carbon of Leu, the ~i carbon of alanine and yl carbon of Val 
reflect the same carbon atom of pyruvate respectively. Hence, the relative intensities should 
be the same for these carbon atoms in these three amino acids. As seen in Figure 4.5.4, for 
the M/M temperature treatment, the relative intensities of Ala and Val agree with each other, 
whereas the b~ carbon of Leu shows a 30 %difference from Ala and Val. This discrepancy is 
also noticed for the remaining temperature treatments. The S2 carbon of Leu and y2 carbon of 
Val agree with each other and reflect the carbon 3 of their precursor metabolite pyruvate 
respectively. Val and Leu are formed from the intermediate metabolite 2-Oxoisovalerate. Val 
is formed directly from 2-Oxoisovalerate whereas there are intermediate steps (Figure 4.5.5) 
in the formation of Leu. Thus, it is possible that the discrepancy between the bl carbon of 
Leu with the yl carbon of Val results from one or more of these three reactions being 
reversible leading to a carbon skeleton rearrangement as opposed to a compartmentation 
possibility. This possibility of reversibility needs to be investigated further. 
There is a marked increase in the double doublet intensity of Alaa and the doublet 
intensity of Glya for the lower treatments as compared to the M/M and higher temperature 
treatments. The increase in the double doublet intensity indicates that Alaa and Glya are 
being formed from intact molecules of hexose phosphates. This increase in intensity is 
reflected as an increase in the flux through glycolysis as compared to PPP (Table 4.5.1). 
Since PEP is metabolized directly to pyruvate, Alaa should show the same intensity 
fractions as Phea. Both carbon atoms (Alas and Phea) are derived from second carbon of 
PEP respectively. It was found, however, for all the temperature treatments that the intensity 
fractions of Alaa and Phea were different (Appendix E). When the 1 D extract of the Phea 
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Figure 4.5.4 Comparison of relative intensities of b' carbon of Leu, the (3 carbon of alanine 
and y l carbon of valine for M/M temperature treatment (b, d and g indicate (3, 8 and y carbon 
atom; s and d indicate singlet and doublet respectively) 
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Figure 4.5.5 biosynthesis of Leu and Val from 2-®xoisovalerate 
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each other, their intensity patterns compared very well (Figure 4.5.6). This result suggests 
that the difference in the relative intensity fraction of Phea and Alaa maybe an artifact of the 
spectral processing program. 





















_ ~ i~ _ 
 ni irnt ii i iliiiiiinni ii i ii~iini iini ii i i i inii ini iini i i i iini ii ~nii in~ii i i ~ i i 
1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 
Figure 4.5.6 Comparison of relative intensities of NMR peaks for Alaa and Phea data from 
the M/H treatment 
4.5.3 Additional observations for the M/L and L/L treatments 
To estimate the partitioning of the fluxes between the PPP and glycolysis accurately, 
five fluxes need to be determined. Transketolase (A and B) and transaldolase enzymes 
catalyzing the PPP reactions, the hexose isomerase reversibility and the entry flux into the 
PPP catalyzed by 6-phosphogluconate dehydrogenase enzyme. The independent 
measurements required for detecting the partitioning are obtained from the amino acids. His 
and Phe give 2 independent measurements each and glycine gives one measurement. Thus, 
we have 5 independent measurements to estimate 5 unknown variables. 
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In the case of the M/L and L/L temperature treatments, since the protein 
concentration was lower than that of the higher temperature treatments, the signal to noise 
ratio of the NMR spectrum was weak. In the case of the L/L, even though there were five 
independent measurements, the noise level was very high. For 1~~I/L temperature treatment, 
only one independent measurement from His was obtained. Thus, sufficient measurements 
were not available to estimate the branchpoint distribution. When the simulations were 
carried out without any additional constraints to the system, the PPP flux was found to be 
structurally not identifiable with a very high standard deviation. 
From the H/H, M/H and l~Z/M temperature treatments, the values of the means of the 
extent of reversibilities for the transketolase and transaldolase reactions were very high in the 
range of 0.9 to 0.999. The actual values are tabulated in Table 4.5.2. To compensate for the 
lack of measurements, the values of the extent of reversibilities for the transketolase and 
transaldolase reactions were set as shown in Table 4.5.2 for the M/L and L/L temperature 
treatments respectively. 
The simulations output discussed in sections 4.5.1 and 4.5.2 are the result after setting 
the extent of reversibilities limit. The results of the simulation output for the lower treatments 
are discussed in detail in section 4.5.1. The main observation regarding the flux values for the 
lower treatments is that the confidence limits for the fluxes are very large. The reason for the 
larger confidence intervals is the high noise level in the spectrum for the lower temperature 
treatments. The M/L and L/L temperature treatments had approximately 5.4 mg of protein 
each (Table 4.2.1). As explained in section 4.3.4, to run a 2D HSQC experiment for 20 hours, 
the minimum amount of protein required is 7 mg when the system is fed with 10% 13C 
labeled sucrose. Around 30 hour 2D HSQC measurements were carried out for the lower 
temperature treatments with double the number of scans to compensate for the reduced 
amounts of protein. However, the signal to noise ratio increases only 1.4 times when we 
double the scans and this is clearly not sufficient for a good resolution NMR spectrum. 
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Table 4.5.2 Extents of reversibility for the pentose phosphate pathway reactions 
Temperature Mean values of E~ 
Treatment E —~ 
E~ Et~B 
H/H Frorn simulation 0.969 0.940 0.999 
l~~I/H From simulation 0.973 0.963 0.999 
l~'I/M From simulation 0.965 0.941 0.999 
M/L (set) Em,,, 0.9.65 0.940 0.9989 
Ems 0.999 0.999 0.999 
L/L (set) Emin 0.965 0.940 0.9989 
Ems 0.999 0.999 0.999 
~tA, E~tB, E~~ indicate the extent of reversibility for transketolase A, tranketolase 
B and transaldolase enzyme. Em;n and Ems indicate the lower and upper limits set for lower 
temperature treatments. 
Hence, a minimum of 7 mg of protein is required to run 2D HSQC experiment. 
In the case of the lower temperature treatments, the efflux of saccharides and efflux 
from PSP are very high (Table 4.5.1). The extent of reversibility for the G6P t--> F6P reaction 
(catalyzed by hexose isomerase) was found to be much higher for the lower temperature 
treatments (with confidence interval of 0.1 to 0.9) as compared to the higher temperature 
treatments (with a confidence interval of 0-0.5). It is possible that the values set for the extent 
of reversibilites do not hold true for the lower temperature treatments. Alternatively, since 
the extent of reversibility is high for the hexose isomerase reaction, the flux going through 
the PPP is sent out as PSP efflux. Thus, flux through the hexose isomerase reaction must be 
quantified more accurately to determine flux partitioning at the branchpoint of PPP and 
glycolysis. 
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4.5.4 Identification of unknown peaks in the NMR spectra 
Figure 4.3.2, which represents 2D HSQC spectrum of hydrolyzed protein sample 
indicates the presence of four peaks (labeled 1, 2, 3 and 4 in Figure 4.3.2) whose chemical 
shift could not be assigned to any amino acid. Experiments with hydrolyzed glucose and 
sucrose samples indicated that these peaks are a result of hydrolyzed sugar molecules from 
glycosylated protein. The monomer attached to the proteins is generally mannose. The 
precursor for sugar for glycosylation is most probably from the hexose phosphates (G6P and 
F6P) from the glycolysis pathway. These peaks are relatively strong as compared to the 
amino acids in the spectrum and could possibly help in the prediction of the PPP to 
glycolysis flux ratio more accurately. 
There are starch samples extracted from the biomass for the five temperature 
treatments. Preliminary analysis (2D HSQC) has been carried out on the hydrolyzed starch 
sample for the M/M temperature treatment. The isotopomer distributions of the gxx (g 
represents glucose and xx represents unknown) peaks (1, 2, 3 and 4 in Figure 4.3.2) obtained 
from the hydrolyzed protein are different from those obtained from the starch sample. Starch 
is synthesized in the plastids exclusively [55]. The difference in the isotopomer distribution 
of gxx peaks could mainly be due to the fact that starch sample reflects the plastidic 
information and the information from the protein spectrum reflects the cytosolic information. 
The information from the 2 sets of gxx peaks could be used to construct atwo-compartment 
model for central carbon metabolism in soybeans. 
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5. CONCLUSIONS 
A single compartmental model comprising all the known reactions in the central 
carbon metabolism of soybean was constructed. A combination of biosynthetically directed 
bond labeling experiment and 2D HSQC technique was used to quantify the intracellular 
fluxes in the metabolic pathway of soybean. The model was used to study the temperature 
effects on the metabolism of the developing soybean cotyledon. The model estimated the 
metabolic fluxes with 90 %confidence limits for the flux values. 
Metabolic flux analysis (MFA) of the developing soybean cotyledon enabled an 
understanding of the central carbon metabolism in soybean cotyledons. Important 
observations on pathway functioning were made and potential targets for genetic targets 
could also be identified. For all the temperature treatments analyzed, there was a dilution in 
labeling information in the Lower part of the reaction network including the reactions of 
tricarboxylic acid (TCA) cycle, glyoxylate and y-aminobutyrate (GABA) shunt and the 
glutamine metabolism. The dilution was a result of the unlabeled carbon from glutamine, 
which was supplied as a nitrogen source. As a result, the GABA shunt could not be identified 
clearly. The problem of non-identifiability can be solved using labeled glutamine to increase 
the labeling information in the TCA cycle and glutamine metabolism. The glyoxylate shunt 
was found to be inactive for all temperature treatments. The organic acid effluxes, especially 
pyruvate were also not statistically identifiable. The complex relationship between the NMR 
data and the metabolic fluxes for the pyruvate part of the network, reflected as large 
confidence intervals in the estimation of pyruvate efflux. It was concluded that extracellular 
measurements like organic acid effluxes, left over substrate were important measurements for 
estimating the fluxes more accurately. The maximum limit for the extent of reversibility (E) 
for a reversible reaction was set at 0.999. A value of 0.9999 for E was impractical and a 
value of 0.99 did not estimate the optimum correctly. 
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The flux through the PPP reaction was found to be 30 % of the flux through the 
glycolysis pathway for the MIM temperature treatment. The probability density function, 
which was plotted for the flux ratio of PPP to glycolysis was significantly different between 
all the five temperature treatments except in the case of the M/M and the l~~I/L temperature 
treatment. The difference suggests that the PPP to glycolysis branchpoint is a `flexible' node 
and not a `rigid' node. 'From the definition of `rigid' and `flexible' nodes, it is clear that 
genetic modification will be necessary to alter the metabolic flow in the desired direction in 
the case of rigid node whereas flexible nodes don't need of any major genetic modification. 
Thus, in the case of the soybean system, our results indicate that the network is flexible 
regards carbon partitioning, though no particular trend could be detected. However, atwo-
compartment model would be required before the conclusion of the flexible network is made 
with more confidence. 
The anaplerotic reactions were observed to be higher for the H/H, M/H and M/M 
temperature treatment as compared to the MIL and L/L temperature treatment. The higher 
values of the anaplerotic reactions can be explained by the need for an increase in the 
precursor metabolites to compensate for the increased protein quantities in the higher 
temperature treatments. The ratio of the pyruvate dehydrogenase reaction to the PEP 
carboxylase reaction was around 8-10 for the five treatments indicating that the most of the 
flux channels into lipids and the TCA cycle. Thus, down regulating the PEP carboxylase 
gene in soybean would not help in increasing the carbon partitioning, say in lipids as the flux 
through PEP carboxylase is very small as compared to flux through pyruvate dehydrogenase. 
In the case of the lower temperature treatments, the amount of protein accumulated in 
vitro was approximately 5.4 mg. The resultant NMR spectrum had a very high noise signal 
and the model could not identify the flux distribution between the PPP and glycolysis 
reactions due to fewer required number of independent measurements. There was no net flux 
through the pentose phosphate reactions for the higher temperature treatments. An 
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assumption of zero net flux in the PPP reactions was made for the lower temperature 
treatments by setting values of E from the higher temperature treatments and the fluxes were 
evaluated. However, for the lower temperature treatments, the hexose isomerase reversibility 
was very high as compared to the higher temperature treatments. The penx and sac effluxes 
were found to be very high as a result of the increased reversibility of the hexose isomerase 
reactions for the lower temperature treatments. A minimum of 7 mg of protein (or more), 
hence, is required to procure a good resolution NMR spectrum for the soybean system, when 
fed with 13C labeled sucrose. 
On comparing the simulated- and the experimental intensities, it was observed that the 
program estimated the intensities for the amino acids in the OAA, Glu and Pyr family of 
amino acids well. However, in the case of PEP and PSP family of amino acids the difference 
between simulated and the experimental intensities was found to be more than 10%. A 
considerable difference between the input intensities of Phea and Alaa was observed. 
However, it was realized that the difference was more an artifact of the spectral processing 
program, rather than the suggestion of compartmentation. The intensity of the Leus~ peak did 
not agree with the Val yl and Ala(3 peak, although they reflect the same carbon atom of the 
precursor metabolite. However, Leub2 agreed with the Val Y2 peak very well. There are three 
intermediate reactions in the biosynthesis of leucine from 2-Oxoisovalerate to leucine. Thus, 
the discrepancy between the Leub~ and Val y l peak may be a result of the likelihood that one 
or more of these reactions in the biosynthesis of leucine are reversible. 
The prominent unknown peaks noted in the HSQC spectrum (for all the five 
temperature treatments) were inferred from preliminary experiments to be products of 
hydrolyzed sugar molecules from the glycosylated proteins. The monomer attached to the 
proteins is generally mannose. The precursor for sugar for glycosylation is most probably 
from the hexose phosphate in the glycolysis pathway. The isotopomer distribution 
information obtained from these peaks was different from the distribution obtained from the 
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hydrolyzed starch sample for the M/M temperature treatment. The isotopomer distribution 
obtained from both sources can provide important information about compartmentation as 
starch is exclusively synthesized in the plastid. 
Future Direction 
The difference in the isotopomer distribution from the hydrolyzed starch and 
hydrolyzed hexose phosphate molecules lead to the likely possibility of compartmentation in 
the pentose phosphate pathway and glycolysis part of carbon metabolism of soybean. To 
explore this, the next step would be to add the required reactions and the carbon skeleton 
rearrangement to the mathematical model. The hydrolysis of starch for all the five 
temperature treatments needs to be carried out and a 2D HSQC experiment has to be 
performed and analyzed for the five temperature treatments. The aromatic peaks of His, Phe 
and Tyr needs to be analyzed for the two-compartment model for more independent 
measurements. 2D HSQC experiments also need to be carried out for the five temperature 
treatments with a new sweep width region of the NMR spectrum to get the aromatic peaks. 
Using the isotopomer data from both the compartments, we can quantify the fluxes in the 
central carbon metabolism of soybean. The reactions in the biosynthesis of Leu need to be 
studied in detail to account for the discrepancy between the intensities of Leusl and Val yl, 
thus improving the existing model. Finally, a two compartment model would surely give us a 
better insight of the working of the soybean system. 
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APPENDIX A: EXTRACTION PROTOCOLS FOR LIPIDS, 
PROTEIN AND STARCH 
i. Hexane extraction ofneutral lipids 
Sample weight should be in the range of 50 to 100 mg while using microfuge tubes and the heating 
blocks unit. We used freeze-dried, ground embryo tissue (seed coat removed prior to freeze-drying). 
The protocol used is as follows: 
1. Label and preweigh disposable, borosilicate glass tubes (5 times number of samples for 5 sets 
of hexane washes) 
when air drying or using hot water bath, use 13x75 mm tubes 
when drying with heat blocks, use 10x75 mm tubes 
2. Preheat heating block 
3. Weigh sample and place in microfuge tube 
4. Add 1 ml high grade hexane to each microfuge tube and vortex 
5. Place tubes in the heating block at 40°C for about an hour 
6. Centrifuge 1 min on benchtop centrifuge at high speed 
7. Remove supernatant (leaving a small amount in the microfuge tube) to preweighed glass 
tubes and keep under hood 
8. Repeat 4 times from step 4 removing supernatant to additional sets of preweighed tubes each 
time 
9. Dry pellets in heating block (turned off but cooling over night) or speed vacuum for 15 
minutes 
1 O. Store defatted pellet at -20°C 
11. Weigh tubes when they have come to room temperature and dryness (about 48 hours), 
subtract the preweight and sum the differences to determine the total weight of oil extracted 
12. Determine percent of original sample weight. Correct to 13%moisture content. Assume 
freeze-dried tissue is 0% moisture content 
Formula for calculations 
%moisture content correction: 
(1-moisture content ;,,;~;~) x tissue weight ;~;tial =tissue weight final 
(1-moisture content fi„~) 
~~ 
oil calculation: 
mg oil x 100 = % 011 final 
(tissue weight fi„~} mg 
11. Protein extraction 
Procedure for Kjeldahl digestion 
1. Add slightly less than 1 scoop of catalyst to each tube 
2. Add one increment (3.5 ml) of sulfuric acid to each tube 
3. Take the rack of tubes for digestion 
4. Program block to digest at 3 82°C for 1 hour 
5. Turn on hood fan and carefully place rack on Block 
6. Place rack "ends" on the rack 
7. Carefully place manifold on rack 
8. Hook up black suction tube to back of manifold and turn on water 
9. Place hood sash approximately 4 inches from the bottom 
When digestion is complete 
1. Turn digestion timer off 
2. Fiil beaker '/4 to l /3 with water for rinsing suction tube 
3. Remove "rack ends" from rack 
4. Remove black tube from manifold and rinse by sucking water 
5. Carefully lift off manifold and turn over 
6. Carry manifold upside down to sink for rinsing 
7. Place manifold on manifold holder 
8. Carefully lift rack of tubes from Block and set in hood 
9. Lower sash to within 3 inches from bottom 
l0. Leave fan on and let tubes cool for approximately I O minutes 
Procedure for Kjeldahl distillation 
Preparation
l . When tubes are cool, add water (15 ml) to each tube and let cool 
2. Turn on boiling flask heaters 
3. Add distilled water to boiling flasks to slightly below mark 
4. Turn on condensation water 
5. Add one "squirt" (5 ml) indicator solution to each of 40 flasks 
~2 
6. Fill sodium hydroxide column (Kjeldahl tubes must be cooled down to air temperature 
before distillation process can begin) 
7. After water has been boiling for a few minutes, distillation can begin 
Distillation 
1. Slowly add 1 increment of sodium hydroxide to 2 Kjeldahl tubes 
2. "Shut offl' boiling valve 
3. Remove distilled Kjeldahl tube which is on apparatus 
4. Place new Kjeldahl tube firmly on distillation apparatus 
5. Turn boiling valve back on 
6. Place indicator flask under condensation tube 
7. After collecting 15-ZO ml of distillate,_ remove indicator flask 
8. Repeat steps 1 through 7 
9. Dump contents from distilled Kjeldahl tubes into Kjeldahl waste container 
10. Rinse tubes thoroughly and place them back on the rack 
11. When finished, carefully attach rack holder to top of rack 
12. Dump excess water from tubes in the sink 
13. Place upside down in oven to dry 
111. ~ Procedure for starch measurement 
Starch in the insoluble residue was determined with an enzymatic hydrolysis method by Microsample 
Plate Reader 
1. 20-80 mg of dried defatted powder was weighed and 1 ml of 80 %ethanol was added. This 
was kept in a heater at 60°C for 20 min. It was then centrifuged at SSOOXg for 10 min and the 
supernatant was removed. The procedure was repeated four times with 1 ml of 80 %ethanol. 
2. Supernatant was collected in glass tube, dried on heater or water both at 60°C. The dried 
supernatant in glass tube was sealed with polyfilm, stocked in freezer at —20°C. It can be used 
to measure soluble sugar. 
3. The pellet was transferred to glass tube with 1.5-7.5 ml water, and covered by aluminum foil 
and autoclaved at 131 °C for 1 h. 
4. 10 mg of standard starch was weighed and 1.5 ml water was added to it and autoclaved along 
with sample. 
5. Gelatinized starch was digested by adding 1.5-7.5 ml of 0.1 M citrate buffer (pH 5.0), 
containing 2 mg amyloglucodase and incubated overnight in waterbath at 30 °C. 
For example, if 15 mg sample (DW) was taken and 1.5 ml water was added to it and 
autoclaved. Then 1 .5 ml of 0.1 M citrate buffer was added containing 0.375 mg 
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amyloglucodase. Hence, ratio of Amyloglucodase mg/ sample mg is calculated as 0.375 mg / 
15 mg = 0.025 mg/mg.DW 
0.1 M citrate buffer [pH 5.0] is prepared as: 
A: 0.1 M solution of citrate acid (21.01 g in 1000 ml) 
B: 0.1 M solution of sodium citrate (29.41 g C6HSO,Na3.2H2O in 1000m1) 20.5 ml of 
A and 29.5 ml of B, diluted to a total of 100 ml, pH 5.0 
6. The part of digested aliquot was centrifuged at 13,000Xg for 10 min. Glucose in the 
supernatant was determined by glucose oxidase, using a Microsample Plate Reader. 
Chemical solutions included: 
• Tris-phosphte-glycerol buffer: 36.3 g of Tris , 56.Sg of sodium dihydrogen phosphate 
dehydrate (NaH2PO4.2H2O) or 49.9836 g (NaH2PO4.Hz0) dissolved in 400 ml of water. Plus 
400 ml of glycerol and then diluted to 1 liter with water. 
• Reagent A consisted of 30 mg of glucose oxidase, 3 mg of peroxidase dissolved in 50 ml of 
Tris-phosphate-glycerol buffer. 
• Reagent B consisted of 10 mg of o-dianisidine dissolved in 50 ml of the above described 
buffer. Working Reagent consisted of equal volumes of Reagent A and Reagent B, prepared 
fresh daily . 
7. The procedure involved the addition of 50 µl of sample (containing 10-1 OOOug of D-
glucose/ml) to 200 µl of working glucose oxidase reagent in a microsample plate. 
8. The plate, with sample, was incubated at 37°C for 30 min. SO µl of concentrated HC1 was 
added and the absorbance was measured at 492 nm. 
9. D-a-glucose standard curve: 
Prepared 0.25 µg/µ1 solution of D-a glucose. 
a) 0, 2, 4, 6, 8, 10, 12, 14, 18, 20 µl of 0.25µg /µl D-a glucose was taken into each plate 
well, respectively, 
b) 50, 48, 46, 44, 42 40, 38, 36, 34, 32, 30 µl water was added to above plate well. 
c) 200 µl of gluxose oxidase working reagent was added in a microsample plate well. The 
plate was mixed at slow speed for 30 s on a vortex and then incubated at 37°C for 30 
min. 50 µl of concentrated HCl was added to each well and the plate was mixed at slow 
speed for 10 s on a vortex mixer. The absorbance was measured at 492 nm. 
d) slope of standard glucose* Absorbance of 
sample 0.9 diluted time 
Starch content (mg / DW mg) _ 
Sample weight mg (DW) 
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APPENDIX C: REACTION NETWORK 





1 ini 1 Sucrose --~ G6P + F6P 
2 ini2, f Glu -~ Glu 
3 hxi, f G6P -~ F6P 
4 hxi, b F6P ~ G6P 
5 gnd G6P -~ PSP + CO2
6 tktA, f PSP +PSP -~ S7P + T3P 
7 tktA, b S7P + T3P -~ PSP +PSP 
8 tal, f S7P + T3P -~ F6P + E4P 
9 tal, b F6P + E4P -~ S7P + T3P 
10 tktB, f PSP + E4P --~ F6P + T3P 
11 tktB, b F6P + T3P --~ PSP + E4P 
12 pflc F6P --~ T3 P + T3 P 
13 gap T3 P -~ PEP 
14 pyk PEP --~ Pyr 
15 pdh Pyr -~ ACA + CO2
16 cit ACA + OAA --~ acKG + CO2
17 suc 1 acKG -~ Scn + CO2
18 fum 1, f Scn -~ Mal 
19 fum 1, b Mal -~ Scn 
20 fum2 Scn -~ Mal 
21 mdh, f Mal --~ OAA 
22 mdh, b OAA -~ Mal 
23 ppc, f PEP + CO2 -~ OAA 
24 ppc, b OAA -~ PEP + CO2
25 me, f Pyr + CO2 -~ Mal 
26 me, b Mal ~ Pyr + CO2
27 resp CO2 -~ Efflux 
28 sac G6P -~ Efflux 
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Table 3.1 Continued 
29 fat 





3 5 pro6 
36 pro? 
37 pro8 
3 8 pro9 




43 gat, f 







51 in2, b 
52 cl, f 
53 c2, b 
54 glyx 
55 clx 
56 glns, b 
































Efflux to lipids 
Efflux to amino acids 
Efflux to amino acids 
Efflux to amino acids 
Efflux to amino acids 
Efflux to amino acids 
Efflux to amino acids 
Efflux to amino acids 
Efflux to amino acids 






















APPENDIX D: SUCROSE CONSUMPTION RATES 
USING CONSTANT YIELD AND Quo = 2 METHODS 
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Appendix F: Metabolic flux maps for H/H, M/H, M!L and L/L temperature 
treatments 
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Figure F.l Metabolic flux map for soybean embryos grown under H/H (Flux values are 
standardized with respect to 20 times glycine production per day) 
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Figure F.2 Metabolic flux map for soybean embryos grown under M!H (Flux values are 
standardized with respect to 20 times glycine production per day) 
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Figure F.3 Metabolic flux map for soybean embryos grown under M/L (Flux values are 
standardized with respect to 20 times glycine production per day) 
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